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FOREWORD 

This  In t e r im  Repor t  s u m m a r i z e s  the work p e r f o r m e d  by  

Stanford R e s e a r c h  Inst i tute  du r ing  the per iod  June 1964 to  August 1965 

under  Cont rac t  No. 950745 f o r  the  J e t  P ropu l s ion  L a b o r a t o r y  of the  

Cal i fornia  Insti tute of Technology. 

M r .  Hugh G. Maxwell of the J e t  P ropu l s ion  L a b o r a t o r y ' s  

M a t e r i a l s  and Methods Group w a s  Cognizant Engineer  f o r  the P r o j e c t .  

The technical  effor t  a t  Stanford R e s e a r c h  Inst i tute  w a s  unde r  

the supe rv i s ion  of Dr.  R. F. Muraca ,  D i rec to r ,  Ana lyses  and  

Ins  t r um e nt a t  ion. 

Work on the development of specif icat ion p r o c e d u r e s ,  in- 

cluding technica l  and ed i tor ia l  a s s i s t a n c e  in the e s t ab l i shmen t  of 

t e s t  and m a t e r i a l s  specif icat ions,  was  p e r f o r m e d  within the  Depar t -  

m e n t  of Analyses  and Instrumentat ion under  the d i r ec t ion  of 

Dr.  R. F. Muraca ;  par t ic ipants  in th i s  work were :  F. Church ,  

E. Lawler ,  and J. Whittick. 

The p repa ra t ion  of p re l imina ry  spec i f ica t ions  r e c o m m e n d a -  

t ions  and explora tory  work  o n  the weight - loss  behavior  of s e l ec t ed  

po lymer i c  m a t e r i a l s  w e r e  pe r fo rmed  within the P o l y m e r  Sc iences  

Group under  the d i r ec t ion  of Dr. D. J. Lyman;  pa r t i c ipan t s  i n  th i s  

work  were :  J. Black, M. Golub, J. Hel le r ,  and D. Pa rk inson .  

ii 



ABSTRACT 

Stanford R e s e a r c h  Insti tute,  Menlo P a r k ,  California 
DEVELOPMENT O F  SPECIFICATIONS FOR POLYMERIC MATER1AL.S 
In t e r im  Report  No. 1, June  1964 to August 1965 
R. F. Muraca ,  et  a l . ,  August 9, 1965, 
(NASA Cont rac t  No. NAS7- 100; JPL Cont rac t  950745; SRI P r o j e c t  ASD- 5046) 

) 3 di3 f 
A s u m m a r y  is given of work leading to  recommendat ions  for 

p repa ra t ion  of specif icat ions for selected polymer ic  m a t e r i a l s  to be 

used in  spacec ra f t s .  

A des ign  drawing and photographs a r e  p re sen ted  for  a s tandard ized  

vacuum-weight- l o s s  appa ra tus  and suggest ions a r e  m a d e  toward a s tan-  

dard ized  the rma l -vacuum weight - loss  procedure .  P r o c e d u r e s  and data 

a r e  s u m m a r i z e d  for  chemica l  and physical  t es t ing  of a s e r i e s  of epoxy 

adhes ives .  

A d i scuss ion  is given of exploratory work  on the weight- loss  

behavior  of epoxy, si l icone, and fluoroc 
0 t e m p e r a t u r e s  of 150 C and 200 OC. 

i i i  
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I. INTRODUCTION 

This  In te r im Report  summar izes  the work per formed under 

JPL Contract  950745, SRI P r o j e c t  ASD-5046, during the period 

June 1964 to  August 1965. 

The b road  objective of th i s  program is to provide a s s i s t ance  

to the J e t  Propuls ion  Labora to ry ' s  Mater ia l s  and Methods Group in 

the  development of m a t e r i a l s  specifications and t e s t  p rocedures  for 

po lymer ic  m a t e r i a l s  which a r e  considered for use  in spacecraf t s .  

The se lec t ion  of m a t e r i a l s  t o  be investigated and the extent of effort 

a r e  de te rmined  by the J P L  Cognizant Engineer .  

Sections I1 and I11 summar ize  the  work  pe r fo rmed  on the de- 

s ign and construct ion of a standardized vacuum weight l o s s  appara tus  

fo r  t e s t  specifications,  and a n  investigation of the procedures  for  

phys ica l  and chemica l  qualification t e s t s  on epoxy adhesives  in o r d e r  

to  m a k e  recommendat ions  fo r  ma te r i a l s  specifications.  

Sect ion IV of t h i s  r epor t  summar izes  the  work per formed on 

the  accumulat ion of data  re la t ive  to the  p rope r t i e s  of epoxy, si l icone, 

and f luorocarbon pblymers  and their  weight- loss  behavior  i n  a vacuum 

environment  a t  elevated tempera tures .  

on  t h e s e  po lymers  has  been  reported in p r i o r  publications, in grea t  

de ta i l ;  however, only the b e s t  data and conclusions a r e  recorded  in 

th i s  r epor t .  

Most of the work per formed 

Fu tu re  work is d i scussed  in Section V. 

1 



11. DEVELOPMENT OF STANDARDIZED PROCEDURES 
FOR VACUUM WEIGHT LOSS DETERMINATION 

O F  POLYMERIC MATERIALS 

The l o s s  of weight of polymeric m a t e r i a l s  when exposed to  a 

vacuum-thermal  environment is  an important  c r i t e r i o n  in the accep-  

tance  of t h e s e  m a t e r i a l s  for  u s e  in s p a c e c r a f t s  s ince the r e l e a s e  of 

volati le subs tances  m a y  affect desirable  mechanical ,  physical, o r  

e l e c t r i c a l  p roper t ies .  A s  shown in Table  I, a g r e a t  var ie ty  of poly- 

m e r i c  m a t e r i a l s  a r e  potential candidates for  spacecraf t  use, b a s e d  

on recommended long-t ime service t e m p e r a t u r e  l imits .  

of the  m o s t  sui table  polymer ic  m a t e r i a l s  is then dependent on b e -  

havior a t  specified t e m p e r a t u r e  in a vacuum environment.  

Selection 

Vacuum weight l o s s  data  have b e e n  repor ted  for many polymeric  

m a t e r i a l s  which have been  considered for  use  in  spacecraf t s  o r  high 

vacuum s y s t e m s  (References  1-20). However, the conditions of 

p r e s s u r e  in  these  repor ted  resul ts  have ranged f r o m  10 - 3  t o r r  to  
0 t o r r ,  t e m p e r a t u r e s  have ranged f r o m  25  to  200 OC, and ex- 

p o s u r e  times have ranged f r o m  24 h o u r s  to 1000 hours .  Additionally, 

a wide range  of a p p a r a t u s e s  and p r o c e d u r e s  have been  employed, for  

example,  weighing b e f o r e  and after exposure  i n  a s imple be l l  j a r ,  o r  

moni tor ing  we i g ht constant 1 y via a vacuum t h e  r m o  gravimet r ic  b a lanc e. 

Thus,  

specif icat ions requi rements .  

it is difficult i f  not impossible to  uti l ize the  reported data  as 

Requi rements  for  compliance with weight l o s s  c r i t e r i a  c a n  only 

b e  b a s e d  on che establ ishment  of a s tandard ized  appara tus  and pro-  

c e d u r e  which a r e  eas i ly  duplicated by tes t ing labora tor ies .  

t h e  three-fold purpose  of this  phase of the p r o g r a m  is: 

Therefore ,  

(1) To design and construct a vacuum weight l o s s  appara tus  

which w i l l  e n s u r e  maximum pumping efficiency and t h e r -  

mal control  with a minimum of construct ion expense and 

complexity ; 

(2)  To de termine  the conditions of t e m p e r a t u r e ,  p r e s s u r e ,  and 

exposure  t i m e  which w i l l  provide the m o s t  valid and meaning-  

ful  weight l o s s  data;  

2 



TABLE I 

SERVICE TEMPERATURE LIMITS AT ATMOSPHERIC PRESSURE 

F O R  REPRESENTATIVE CLASSES O F  POLYMERIC MATERIALS 

(Manufac turer '  s Recommendations) 

P o l y m e r  C l a s s  

Chlo r o  s ulfonat ed Poly - 
ethylene E l a s t o m e r s  

Ethylene - Propylene  
E l a s t o m e r s  

F l u o r  oe las  t o m e r  s 

Isobutylene- Isoprene 
E l a s t o m e r s  

Polyurethane E l a s t o m e r s  
(Millable) 

Sil icone E l a s t o m e r s  
(Mil lable  

Sil icone E l a s t o m e r s ,  
Liquid and P a s t e  

F luorocarbon P l a s t i c s  

Film P o l y e s t e r  

F i b e r  Polyes te r  

Polycarbonate  

EPOXY 

Poly imide  Resins  

Polyamide  Resins  

C hlo r ina t e d Poly e t h e r  
P l a s t i c  

Long- Time Serv ice  T e m p e r a t u r e  Limit,  ( to) O C  

125 

X 

X 

X 

X 

X 

X 

X 

150 

X 

X 

X 

X 

175 

X 

X 

200 

X 

X 

X 

250 

X 

X 

275 

X 

X 

3 



( 3 )  To es tab l i sh  a procedure  for  per forming  weight l o s s  de-  

t e rm ina t io n s. 

Based  on the r e s u l t s  of th i s  work, recommendat ions will be  made  

for  incorporat ion into J P L  Specification No. Z T F -  4000-0002, "Tes t  

Specifications: Vacuum Weight Loss of Po lymer i c  Mate r i a l s .  I f  

A mar  a t  u s 

The vacuum weight l o s s  apparatus  is shown in  the photograph 

i n  F igu re  1. A design drawing, including the p a r t s  l is t ,  is given in  

F i g u r e  2 so that the  appara tus  may b e  readi ly  duplicated. 

A s  shown in F i g u r e s  1 and 2, the  appara tus  accommodates  

duplicate s amples  under ident ical  vacuum-thermal  conditions; the 

l a r g e - b o r e  stopcocks e n s u r e  maximum r a t e  of evacuation on each 

sample  and valid p r e s s u r e  measu remen t s  (made  via a gage direct ly  

above the sample  chamber) .  

The purpose of the w e l l  near  the joint of each  sample  chamber  

is to  col lect  subs tances  which may condense a t  cooler  t e m p e r a t u r e s  

and to  prevent  re -depos i t  of these subs tances  on the samples .  

s topcocks a r e  affixed to  the  a r m s  leading f rom the sample  chambers  

to  p e r m i t  venting a t  t e rmina t ion  of the t e s t s .  

One-mm 

G l a s s  hooks have been  attached to  the caps of each chamber  s o  

that  s amples  m a y  b e  suspended directly by wi re s  o r  i n  glass  containers .  

(In view of the anticipated reactivity of some  polymer ic  m a t e r i a l s  with 

w i r e  ma te r i a l ,  Nichrome w i r e s  have been  gold-plated in  o r d e r  to  pro-  

vide a n  ine r t  contact su r f ace ;  platinum wire ,  of sufficient s t rength,  

could a l s o  b e  used. 

A good grade  of high-temperature  vacuum grease is used in  

o r d e r  t o  obviate difficult ies created by channeling o r  outgassing ( s i l i -  

cones) ;  "Apiezon- TIf o r  equivalent has  been found sa t i s fac tory .  

4 



FIG. 1 PHOTOGRAPH OF VACUUM WEIGHT LOSS APPARATUS 
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FIG. 2 VACUUM WEIGHT LOSS APPARATUS 
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The sample  chambers  are  immersed  i n  F i s h e r  ba th  w a x  con- 

tained in s t a in l e s s  b e a k e r s  fitted with heating mant les ;  t e m p e r a t u r e  

is maintained b y  a thermoregula tor -var iab le  t r a n s f o r m e r  sys t em.  

The input t o  the heating man t l e s  i s  adjusted so that the wax t e m p e r a -  

t u r e  is maintained a t  125 OC with only m i n i m a l  control  afforded by 

the the rmoregu la to r  . 

Vacuum and Control  Sys tem 

Each  vacuum weight l o s s  apparatus  is at tached to a p r i m a r y  

manifold leading d i rec t ly  to the  pumping sys tem.  F igure  3 i l l u s t r a t e s  

a vacuum sys t em consis t ing of fou r  pumping s ta t ions of the kind shown 

in  F igu re  1. 

the generat ion of copious data  f o r  determining p a r a m e t e r s  which 

eventually wi l l  be  used to es tab l i sh  m a t e r i a l s  specifications l imi t s .  

The p r i m a r y  manifold has  sufficient pumping speed to  accommodate  

the four  units. The p r i m a r y  manifold is a 6-inch g lass  pipe leading 

to  the f o r e  pump via a water-cooled baffle and a 6-inch diffusion pump. 

Specifications for  th i s  vacuum and control s y s t e m  which wi l l  accommo-  

da te  fou r  vacuum weight l o s s  appara tuses  a r e  a s  follows: 

This  a r r angemen t  has  been  se t  up i n  o r d e r  to  faci l i ta te  

- 3  
F o r e  pump: 0. 5 l i t e r s / second  a t  10 t o r r  

Diffusion pump: 1400 l i t e r s / second  a t  t o r r  

Water-  cooled baffle: 

Vacuum gages: 0. 25 t o  1 x 10 t o r r  

T e m p e r a t u r e  control ler :  95  to  200 - t 2 OC 

Chevron- r ing  type 
- 7  

Heating mant les :  95 to  200 "C 

Operat ing Conditions 

The  w a x  ba ths  have been  adjusted to main ta in  a t e m p e r a t u r e  of 
0 125 

not undergo decomposi t ion at th i s  tempera ture .  

C s ince  p r i o r  work  has  shown that  m o s t  polymeric  m a t e r i a l s  do 
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FIG. 3 VACUUM SYSTEM WITH VACUUM WEIGHT LOSS APPARATUSES 
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Specification recommendations wi l l  involve the determinat ion 

of the s lope of the weight l o s s  curve for  a specified interval  of t ime,  

as  w e l l  a s  ac tua l  weight l o s s  values. The a s s e m b l i e s  have been de-  

signed so that one s a m p l e  may b e  removed af ter ,  say,  72 hours  and 

the duplicate a f t e r  96 hours.  

s idera t ion  of the t i m e  involved for tes t ing labora tor ies  and elimination 

of need f o r  "week-end" serv ic ing  of t r a p s ,  etc. 

l e a s t  a 72-hour in te rva l  is b a s e d  on p r i o r  work (Ref. 11) which has  

shown that  the m a x i m u m  weight loss for  m o s t  substances o c c u r s  

within a 48-hour in te rva l  and that m e a s u r e m e n t s  m a d e  in the 1- to 

48-hour in te rva l  a r e  not as  reproducible nor  re l iab le  as  those a f t e r  

longer  exposure t i m e s  when the slope of the weight l o s s  curve  b e -  

c o m e s  relat ively constant. 

This first approach is m a d e  in con- 

The choice of at  

P r o c e d u r e  

P r e l i m i n a r y  recommendations for t e s t  p rocedure  have been  

Actual test specification operation is being init iated a t  the made.  

p r e s e n t  t ime;  as  work  p r o g r e s s e s ,  n e c e s s a r y  modifications of p r o -  

cedure ,  if any, wi l l  b e  submitted f o r  considerat ion as revis ions to  

the accepted test specifications.  

It is suggested that t e s t  specifications for  handling and con- 

ta inment  of polymeric  m a t e r i a l s  for weight l o s s  determinat ions b e  

included in  the materials specifications in o r d e r  to  simplify direct ions 

f o r  films, pastes ,  foams,  powders, etc. Operational procedures ,  of 

c o u r s e ,  a r e  unaffected by the physical s ta te  of the samples .  
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111. CHEMICAL AND PHYSICAL QUALIFICATION TESTS 

FOR EPOXY ADHESIVES 

At the r eques t  of the J P L  Cognizant Engineer ,  a n  investigation 

was  m a d e  of a s e r i e s  of chemica l  and physical  t e s t  p rocedures  which 

have been  recommended f o r  prel iminary incorpora t ion  into the m a t e r i a l s  

specifications fo r  epoxy adhesives .  M a t e r i a l s  recent ly  submitted for  

t e s t  w e r e  Epons 901, 903, 914, 917, 931 A/B,  and 4225 (all produced 

by  the Shell  Chemica l  Company) since they r e p r e s e n t  s e v e r a l  different  

types of epoxy adhesives:  

Epon 901: Two-par t  s t ruc tura l  epoxy adhesive,  e levated 
tempera ture  c u r e  ( a romat i c  amine  agent) 

Epon 903: One-part  s t ruc tu ra l  epoxy adhesive,  e levated 
tempera ture  c u r e  ( -  - - agent) 

Epon 914: One-par t  s t ruc tu ra l  epoxy adhesive,  e levated 
tempera ture  c u r e  (dicyandiamide agent) 

Epon 9 17: One-par t  powder s t r u c t u r a l  epoxy adhesive,  
elevated tempera ture  c u r e  (anhydride agent) 

Epon 931 A/B: Two-par t  s t ruc tu ra l  epoxy adhesive ( a r o m a t i c  
amine  agent) 

Epon 4225: One-part  s t ruc tu ra l  epoxy- phenolic adhesive,  
g lass - tape  supported (dicyandiamide agent) 

(Epons  911, 924, 929, 934 and 941, a l s o  studied dur ing  th i s  p rogram,  

w e r e  not subjected to  ana lyses  since they w e r e  previously found 

unacceptable f o r  var ious  r easons  (vide infra)) .  -- 
The de termina t ion  of chemical  c h a r a c t e r i s t i c s  includes: epoxy 

equivalent,  f i l l e r  content, hydrolyzable halide content, nonvolatile 

content,  and amine  value. Determination of physical  p rope r t i e s  in- 

c ludes:  i n f r a r e d  spec t rum and density. The methods employed and 

the  suggested modif icat ions a r e  descr ibed in the following pa rag raphs .  

The  r e s u l t s  of the de te rmina t ions  a r e  presented  i n  Tables  11-VII, and 

the  i n f r a r e d  absorbance  s p e c t r a  a re  given in F igures  4-9; t h e s e  data  

wil l  b e  found a t  the end of th i s  section. 
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E ~ o x v  Eauivalent 

Epoxy equivalent is determined according to the p r o c e d u r e  

descr ibed  in ASTM Method D 1652-62T, "Epoxy Content of Epoxy 

Resins ,  ' I  b a s e d  on the  stoichiometric act ion of hydrogen b r o m i d e  

with epoxy groups to  f o r m  bromohydrins:  

A weighed s a m p l e  is dissolved in chlorobenzene (liquid grade  
r e s i n s )  o r  chloroform: benzene (sol id  grade  r e s i n s ) .  
t ion is t i t r a t e d  with hydrogen b r o m i d e  in  glacial  ace t ic  acid,  
using c r y s t a l  violet indicator solution. 

The solu- 

Values a r e  computed as  g r a m s  of r e s i n  containing one gram 
equivalent of epoxy groups.  

Hydrolyzable Halide Co- ntent 

The hydrolysis  of a n  epoxy r e s i n  sample  is conducted according 

to  the procedure  descr ibed  in  ASTM Method D 1726- 62T, "Hydrolyzable 

Chlorine Content of Liquid Epoxy Resins.  'I However, the t i t ra t ion pro-  

c e d u r e  h a s  b e e n  modified t o  provide for  d i r e c t  determinat ion of hy- 

drolyzed halide s ince  consumption of alkali m a y  not n e c e s s a r i l y  b e  due 

en t i re ly  to the halide groups: 

A weighed s a m p l e  is refluxed in a n  e x c e s s  of alcoholic po tass ium 
hydroxide. 
1: 1 n i t r ic  ac id  solution and t i t ra ted potent iometr ical ly  with 
s i lver  n i t ra te  solution. 

The  hydrolyzate is neutral ized and acidified with 

Values a r e  r e p o r t e d  as weight p e r  cent  hydrolyzable halide. 

Filler Content 

F i l l e r  content of adhesive bases  is de te rmined  accord ing  to 

the  Shel l  Company Method, ADM No. 3. 

Weighed amounts  of sample and Cel i te  filter aid a r e  s t i r r e d  
and d i s p e r s e d  in  chlorobenzene, then f i l t e red  through a s in te red  
g lass  funnel. 

Values a re  r e p o r t e d  as weight p e r  cent  filler. 
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Nonvolatile Content 

The nonvolatile content is determined in accordance  with the 

p r o c e d u r e  descr ibed  in  ASTM Method D 1259-61, "Nonvolatile Con- 

tent of Res in  Solutions, ! '  Method B: 

A weighed sample  of r e s i n  solution is s p r e a d  under p r e s s u r e  
between two weighed s h e e t s  of a luminum o r  t in foil. The shee ts  
a r e  then  pulled a p a r t  and the r e s i n  is dr ied  a t  105 O C  in  a forced 
draf t  oven for  2 hours .  

Values a r e  r e p o r t e d  as  weight p e r  cent  volatile m a t e r i a l .  

Density 

The densi ty  of powder r e s i n s  is determined as  descr ibed  in  

ASTM Method No. D 1895-61T, "Apparent Density, Bulk F a c t o r ,  and 

Pourabi l i ty  of Plastic Materials:" 

Res in  powder is poured through a powder funnel into a weighed 
known-volume m e a s u r i n g  cup; cup and contents a r e  re-weighed. 

The ASTM Method No. D 1875-61T, "Density of Adhesives in 

Fluid Form, ' '  w a s  suggested for  density of the adhesive pas tes ;  how- 

e v e r ,  the physical  na ture  of the epoxy r e s i n s  c r e a t e d  difficulties in 

handling such  as  loading the cups,  e l iminat ing a i r  pockets,  etc.  

Therefore ,  the s i m p l e r  method of water  displacement  w a s  employed. 

Values for  densi ty  a r e  reported as g r a m s  p e r  cubic cent imeter .  

I n f r a r e d  Spec t rum 

The i n f r a r e d  absorbance  spectra  of the epoxy adhes ives  w e r e  

p r e p a r e d  in  the  following fashion: 

The  r e s i n  is s e p a r a t e d  f r o m  f i l l e r  by d i s p e r s i o n  of the sample  
in  acetone;  the f i l l e r - f r e e  solution is evaporated to  a v e r y  low 
leve l  and then placed on a sodium chlor ide plate  and the  r e -  
m a i n d e r  of acetone evaporated under a n  i n f r a r e d  lamp.  
second salt plate  is  p r e s s e d  o v e r  the s a m p l e  t o  f o r m  a c l e a r ,  
uniform film of res in ,  and then t h e  i n f r a r e d  s p e c t r u m  is ob- 
tained f r o m  2 to  15 microns.  
used f o r  the s p e c t r a  i l lustrated in  this  Section. ) 

A 

(A P e r k i n - E l m e r  Model 221 w a s  
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TABLE 11 
.I, 

EPON 901-”: DETERMINATIONS O F  CHEMICAL. AND 

PHYSICAL PROPERTIES 

Mate rial 

Adhesive B a s e  

Curing Agent 
B - 3  

P r o p e r t y  
~~~ 

Epoxy Equivalent 

Hydrolyzable Halide Content 

F i l l e r  Content 

Hydrolyzable Halide Content 

Amine Value 

4, -0- 

Shel l  Chemical  Company 

Values  

356 

0. 083-0. 09270 

43. 65-43. 6870 

0. 01770 

( i n  p r o g r e s s )  

WAVELENGTH (MICRONS) 

FIG.4 INFRARED ABSORBANCE SPECTRUM OF EPON 901 
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TABLE I11 

EPON 903'::: DETERMINATIONS O F  CHEMICAL AND 

PHYSICAL PROPERTIES 

1 Mate r i a l  

I Adhesive 

P rope r ty  

Epoxy Equivalent 

Hydrolyzable Hal ide Content 

F i l l e r  Content 

Nonvolatile Content 

Density 

Values 

365-367 

0. 034-0. 045 

45. 47-45.4870 

99. 78-99. 8170 

1 . 4 4  g l e e  

'"Shell Chemica l  Company 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
WAVELENGTH (MICRONS1 

FIG. 5 INFRARED ABSORBANCE SPECTRUM OF EPON 903 

16 



M a t e r i a l  

Ad he  s ive 

T A B L E  IV 

EPON 914::: DETERMINATIONS O F  CHEMICAL AND 

PHYSICAL PROPERTIES 
~~~ 

Proper ty  

Epoxy Equivalent 

Hydrolyzable Halide Content 

F i l l e r  Content 

Nonvolatile Content 

Density 

Amine Value 

Values 

257-257 

0. 105-0. 1127'0 

30. 45-30. 457'0 

99. 77-99. 82770 

1. 09 g / c c  

( i n  p r o g r e s s )  

::'Shell Chemica l  Company 

1 1 3 4 5 6 ? 8 9 10 11 11 13 14 15 
WAV f LE NG 1 H IMICRONSI 

FIG.6 INFRARED ABSORBANCE SPECTRUM OF EPON 914 

17 



TABLE V 

E P O N  917"': DETERMINATIONS O F  CHEMICAL AND 

Mate r i a l  

A dhe si ve 

PHYSICAL PROPERTIES 

Prope r ty  

Epoxy Equivalent 

Hydrolyzable Halide Content 

F i l l e r  Content 

Nonvolatile Content 

De il s i t  y 

Values 

349- 350 

0 .  00770 

20. 57-20. 89 

99. 85-99. 8970 

1. 68 g l c c  

.L 

"'Shell Chemical  Company 

1 1 3 4 5 6 7 8 9 10 11 12 13 14 15 
WAVELENGTH IMICRONS 

FIG.7 INFRARED ABSORBANCE SPECTRUM OF EPON 917 
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TABLE VI 

E P O N  931 A/B:": DETERMINATIONS O F  CHEMICAL AND 

M a t e r i a l  

Adhesive B a s e  

Cur ing  Agent 

PHYSICAL PROPERTIES 

Prope r ty  

Epoxy Equivalent 

Hydrolyzable Halide Content 

F i l l e r  Content 

Nonvolatile Content 

Density 

Amine Value 

Hydrolyzable Halide Content 

Nonvolatile Content 

Density 

Values 

167-169 

0. 092-0. 12470 

31. 25-31. 28Y0 

99. 53-99. 5570 

1. 29 g / c c  

( i n  p r o g r e s s )  

0 .  0370 

98. 92-99. 5870 

1 . 0 4  g / c c  

::: Shel l  Chemical  Company 

I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
WAVELE NCT H (MICRONS) 

FIG.8 INFRARED ABSORBANCE SPECTRUM OF EPON 931 A/B 



TABLE VI1 

EPON 4225'": DETERMINATIONS O F  CHEMICAL AND 

PHYSICAL, PROPERTIES 

Mate r i a l  

Adhesive 

P rope r ty  

Epoxy Equivalent 

Hydrolyzable Halide Content 

F i l l e r  Content (Tape )  

Nonvolati le Content 

Res in  Content 

Amine Value 

Values 

( i n  p r o g r e s s )  

0. 051-0. 058% 

93. 3-93. 8% 

97. 05-97. 10% 

L O.  0 2 2  g / i n  

( i n  p r o g r e s s )  

.L 

*'*Shell Chemical  Company 

I 4 5 9 11 2 3 6 7 8 10 12 13 14 15 
WAVE L E N CT H IMICRONS) 

FIG. 9 INFRARED ABSORBANCE SPECTRUM OF EPON 422J 

20 



IV. WEIGHT- LOSS BEHAVIOR O F  SELECTED POLYMERIC 

MATERIALS IN A VACUUM-THERMAL ENVIRONMENT 

A. PROCEDURES 

Explora tory  work  was  per formed on the weight- l o s s  behavior  

of t h r e e  c l a s s e s  of po lymer ic  ma te r i a l s  which w e r e  se lec ted  for p r e -  

l imina ry  screening  by  the JPL Cognizant Engineer .  

of m a t e r i a l s  were: 

These  c l a s s e s  

(1) Epoxy adhes ives  

(2)  Sil icone r u b b e r s  

(3 )  Polyfluorocarbon films. 

The m a t e r i a l s  w e r e  maintained in  a vacuum for  80 to 200 hours  

a t  150 OC and 200 OC. 

because  of i t s  s imi l a r i t y  to  the t empera tu res  proposed fo r  heat s t e r i l i za -  

t ion ( i n  ine r t  a tmosphere)  of spacecraf t  components;  the higher t empera -  

t u r e  was  included in th i s  study i n  order  to gain insight into the  stabil i ty 

of the epoxide po lymers  i n  the  region of t e m p e r a t u r e s  where  decompo- 

s i t ion  of mos t  organic  m a t e r i a l s  is  known to take place.  

The lower t empera tu re  (150 OC) was selected 

Loss-of-weight w a s  determined fo r  the  var ious  polymers ,  and 

ana lys i s  w a s  m a d e  of r e l eased  m a t e r i a l  i n  o r d e r  to  de t e rmine  origin,  

e. g . ,  polymer chain degradat ion,  additives, etc.  The or iginal  poly- 

mer ic m a t  e r ial s we r e cha r  a c t  e r i z  ed by  spec  t r o s c opic technique s. 

The effect of m a t e r i a l  purity, cur ing  p rocesses ,  and sample  

th ickness  on weight l o s s  was investigated for  some  of t he  epoxy ad-  

hes ives  and sil icone rubbe r s .  

The  weight- loss  of polymeric m a t e r i a l s  i n  a vacuum i s  de-  

pendent on t empera tu re ,  the amount and kind of extraneous m a t e r i a l  

p re sen t ,  and the geometry  of the  sample.  

m a t e r i a l ,  in  general ,  has  been  found to  follow the asymptot ic  cu rve  

i l l u s t r a t ed  on the  following page: 

The r a t e  of l o s s  of 
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. .  

The s lope  of the cu rve  in  the region B to  C i s  found to be  s o  s m a l l  

that  i t  a p p e a r s  to  be a s t r a igh t  l ine and, indeed, i f  t h e r e  a r e  e r r o r s  

in  the  weight- loss  values  and if  the  t i m e  in t e rva l  between B and C is 

only of the o r d e r  of s e v e r a l  hundred hours ,  even  a l e a s t  s q u a r e s  

ana lys i s  of the  da ta  m a y  suggest  a s t ra ight  line. 

on such  a c u r v e  r e p r e s e n t s  a t  l e a s t  98% of the  total  weight l o s s  which 

can  b e  i n c u r r e d  by  a thermal ly-s tab le  polymer ,  and this value can  b e  

achieved  within t i m e  spans  conveniently of the o r d e r  of s e v e r a l  

hundred hours ,  the  hypothetical  s t ra ight  l ine drawn between points 

B and C c a n  b e  used to  cha rac t e r i ze  p o l y m e r s  for  the i r  applicability 

in  the cons t ruc t ion  of space  vehicles. 

s e l ec t ed ;  i t  is es tab l i shed  by inspecting a plot of weight- loss  data  

points  and de termining  when the pronounced init ial  cu rva tu re  of the 

plot ted l ine a p p e a r s  to blend into the "s t ra ight"  port ion of the  line. 

Since the point C 

The point B is a l so  a r b i t r a r i l y  

A s  h a s  been  indicated above, t h i s  over ly-  s implif ied t r e a t m e n t  

of weight - loss  da ta  is useful for cha rac t e r i za t ion  of po lymers ;  i n  

a c c o r d a n c e  with work  r epor t ed  by  others,  * and in  keeping with the  

*Fulk,  M. M. , and Hor r ,  K. S . ,  "Sublimation of Some P o l y m e r i c  
M a t e r i a l s  i n  Vacuum," Bal l  Bro the r s  R e s e a r c h  Corporat ion,  TN 62- 118, 
10 Sep tember ,  1962. 
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data  p re sen ted  in  this  Section of the repor t ,  point A in  the above F igu re  

is cal led the "init ial  weight loss, "T" i s  the t i m e  requi red  to  achieve 

a s teady-s ta te  l o s s  r a t e ,  and the s teady-state  l o s s  r a t e  (-) i s  corn- 

puted f r o m  the l ine BC. 

n w  
A T  

The slope of the l ine BC and i ts  apparent  l inear i ty  should not b e  

taken a s  indication that the polymeric subs tance  i s  decomposing a t  a 

s teady ra te .  To be  su re ,  ce r t a in  polymers  m a y  actually decompose 

and, in these  instances,  the "straight-l ine" portion of the weight-loss 

data  impl ies  that  a considerable  portion of the polymer wi l l  d isappear  

on  prolonged heating. F o r  thermally- s table ,  useful po lymers ,  the 

s lope of the l ine B C  r e p r e s e n t s  a near ly-s teady r a t  e of evolution of 

m a t e r i a l s ;  aft,er prolonged heating in a vacuum, the slope of the l ine 

gradual ly  d e c r e a s e s  and, a s  indicated in the above figure,  the l ine CD 

now r e p r e s e n t s  a new "steady-state"  evolution of ma te r i a l .  

intuitively obvious that  if the weight-loss de te rmina t ion  c o v e r s  a suffi- 

cen t  per iod of t ime,  it m a y  b e  nearly imposs ib l e  to de t e rmine  the final 

r a t e  a t  which a polymer  is releasing ma te r i a l s .  The b e s t  method for 

de t e rmin ing  the r a t e  a t  which a polymer r e l e a s e s  small quantit ies of 

m a t e r i a l s  and whether  these  mater ia l s  r ep resen t  decomposi t ion pro-  

ducts  involves the d i r ec t  introduction of the polymer  in a specially- 

cons t ruc ted  m a s s  s p e c t r o m e t e r  inlet sys t em.  

It i s  

It is  obvious that the "weight-loss" of a polymer  is a var iable  

number ;  hence, a l l  "weight- loss"  values m u s t  include the t i m e  of the 

determinat ion,  the geometry  of the sample,  and t e m p e r a t u r e  ( i t  is  

a s s u m e d  that the vacuum conditions a r e  sufficient so a s  not t o  impede 

the e g r e s s  of m a t e r i a l s  f r o m  polymer sur faces) .  

Appara tus  

The vacuum appa ra tus  used in these  s tudies  is i l lus t ra ted  in  

F i g u r e  10. 

of 

Phi l l ips  ionization gage (Consolidated Vacuum Corporation).  

p o l y m e r i c  samples  w e r e  confined i n  modified r e s i n  f lasks  ( F i g u r e  11) 

A m e r c u r y  diffusion pump was utilized to  a t ta in  a p r e s s u r e  

t o r r  in the p r i m a r y  manifold; p r e s s u r e  was m e a s u r e d  via a 

The 
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FIG. i o  APPARATUS FOR THERMAL-VACUUM TREATMENT OF POLYMERIC MATERIALS 

24 



TO TEMPERATURE 
CONTROLLER 
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SAMPLE 

TA-5046-5  

FIG. 11 DETAILED DRAWING OF SAMPLE CELL ASSEMBLY 
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which w e r e  i m m e r s e d  in si l icone-oil  ba ths  (Dow- Corning No. 550) 
contained in  s t a in l e s s  s tee l  b e a k e r s  equipped with heating mant les .  

The  t e m p e r a t u r e  of the  oi l  baths  was regulated by " T h e r m i s t e m p t t  

con t ro l l e r s  and power was  furnished by var iab le  t r a n s f o r m e r s ;  t h e r -  

m o m e t e r s  w e r e  used to  moni tor  the bath t empera tu re .  Tempera tu re  

in  the  sample  ce l l s  was  m e a s u r e d  b y  thermocouples  in se r t ed  in wel ls  

Each  sample  ce l l  was isolated f r o m  the p r i m a r y  manifold by 

a liquid ni t rogen t rap.  

m a t e r i a l s  condensed a t  liquid nitrogen t e m p e r a t u r e  could be volatilized 

at r o o m  t e m p e r a t u r e  and t r a n s f e r r e d  into g a s  sample  f l a sks  for  

ana lys i s  . 

The sys t em w a s  a r r a n g e d  so that gaseous 

Gene r a1 P r o c e d u r e  

Sample  prepara t ion ,  s ize ,  and geometry  var ied  with the c l a s s  

of po lymer  and w i l l  b e  d i scussed  in the appropr i a t e  p a r t s  of the Section. 

The  samples  w e r e  removed per iodical ly  f r o m  the sample  cel ls  

for  weighing (4-0. - 05 mgm) ,  general ly  about e v e r y  24 hours ,  and then 

r e t u r n e d  t o  the ce l l s  and immediately brought  under vacuum. Although 

the  supe r io r i ty  of continual weighing under  vacuum is recognized, it 

was  fe l t  that  this  p rocedure  could se rve  a s  a rap id  sc reen ing  method 

for  po lymer i c  m a t e r i a l s  i n  l ieu of expensive the rmograv ime t r i c  

e quiprnent . 
At the t e rmina t ion  of the total exposure  per iod,  the  gases  con- 

densed  in  liquid n i t rogen  t r a p s  were  analyzed with a mass spec t ro -  

m e t e r  (Consolidated Electrodynamics Corpora t ion  Model 21-103C). 

In the  in s t ances  where  a sufficient amount of m a t e r i a l  condensed on the  

coo le r  s u r f a c e s  of the  r e s i n  f lasks ,  the  condensate  was removed for  

a n a l y s i s  by in f r a red  spec t roscopy (Pe rk in  E l m e r  Model 221). Ultra-  

v io le t -v is ib le  s p e c t r a  w e r e  obtained for  s o m e  f i lms  ( C a r y  Model 14). 

The samples  w e r e  examined a t  each  withdrawal  for  a l te ra t ion  

of c o l o r  o r  o ther  changes in physical p rope r t i e s ,  and the  cel ls  w e r e  

examined  f o r  the p r e s e n c e  of condensed m a t e r i a l s .  
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B. EPOXY ADHESIVES 

The  "Epon" s e r i e s  of adhesives  manufac tured  by the  Shell  

Chemica l  Company a r e  representa t ive  of the epoxy adhes ives  which 

have been  used  for  both s t r u c t u r a l  and nons t ruc tura l  appl icat ions in 

spacec ra f t s .  A s e r i e s  of 11 Epons  w a s  suggested for  p re l imina ry  work 

on outgassing cha rac t e r i s t i c s ,  bu t  subsequent d i scuss ion  with JPL  and 

the Shel l  Company r e su l t ed  in  the elimination for  space  u s e  of Epon 911 

which contains  a polysulfide, and Epons 941 and 929 for  which good 

quality cont ro l  s t anda rds  have not been establ ished.  ( P r e l i m i n a r y  

sc reen ing  of Epon 941 indicated proper t ies  s i m i l a r  to  the o ther  adhe-  

s ives ,  but extensive work  w a s  not undertaken. ) 

Epons 901-B3, 903, 914, 916,  924, 931, 934, and 4225 w e r e  

r ece ived  as m a t e r i a l s  of p u r e r  f ract ions than s tandard  product ion 

m a t e r i a l s .  

m i z e  the unfavorable s ide reac t ions  which occur  a t  t e m p e r a t u r e s  above 

0 C; fo r  example,  Epon 4225 has  a s torage  life of only two days  a t  

room t empera tu re .  

s e l ec t ed  f o r  study, and a b r i e f  discussion of the  c h e m i s t r y  of epoxy 

r e s i n s  is given i n  Appendix A. 

A l l  were  r e f r i g e r a t e d  immediately upon rece ip t  to  mini  - 

0 

Table VI11 desc r ibes  fur ther  the  Epon adhes ives  

P r e p a r a t i o n  of T e s t  Samples  

T e s t  s a m p l e s  of the r e s i n  were c a s t  on spec ia l ly -p repa red  

r ec t angu la r  a luminum s t r i p s  (Alclad 2024 T - 3 ) ,  2. 7 c m  wide and 11 cm 

long. Initially, 2-mil aluminum sheet w a s  used, but 11-mil a luminum 

shee t  was  found to  b e  m o r e  sa t i s fac tory  because  the th icker  shee t s  

w e r e  not cu r l ed  by the r e s i n s  during the  the rma l -vacuum t r ea tmen t s .  

The  aluminum s t r i p s  w e r e  prepared  for  bonding by vapor  de- 

g r e a s i n g  with t r ich loroe thylene  and then etching with ch romate  solution 

(2:7:17 p a r t s  by weight Na2Cr207 :  conc. H2S04: H20)  a t  66  t 3OC fo r  

10 minutes .  

and d r i e d  fo r  2 hours  at 6OoC. 

The  s t r i p s  w e r e  r insed thoroughly with dis t i l led water  
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Epon 
No. 

901-B3 

903 

914 

917 

924 

931 

934 

941 

422 J 

TABLE VI11 

USED IN WEIGHT LOSS STUDIES 
SHELL EPON ADHESIVES 

De s c r ipt ion 

Two-par t  adhesive: 
f ied as Epon 828 with a meta l l ic  f i l l e r ;  
liquid cur ing  agent identifiedl as  an  a r o m a t i c  amine  mix-  
tu re .  

(A)  a gray  thixotropic pas te  identi-  
(B) a dark-colored  

A one -pa r t  adhesive in  the  f o r m  of a viscous gray  paste .  

dentified catalyst  and a mixed  meta l l ic -  inorganic filler. 
Identified 1 as  based  on Epon 828 and containing a n  uni- 

A one-par t  da rk -  g r a y  thixotropic paste ,  r epor t ed  s table  
indefinitely a t  room tempera ture .  
on Epon 828 with a dicyandiamide cur ing  agent and 
me ta l l i c  filler. 

Identified' as based  

A one -pa r t  adhesive based on an  epoxy-anhydride sys tem 
with a meta l l ic  filler. It is a free-flowing powder which 
m e l t s  a t  about 49OC (1200F) and does not resol idify on 
cooling. 2 

P ipe  joint  sealer and adhesive compound. 
not identified. 

Composition 

A two-par t  adhesive-  (A) a gray-black pas t e  based  on a 
novel epoxy sys tem" other than the  diglycidyl e ther  of 
Bisphenol  A3; 
a n  a r o m a t i c  amine. 

(B) a red liquid curing agent identified as 

A r o o m  t e m p e r a t u r e  curing two-par t  adhesive which 
m e e t s  the  MIL-A-5090D, Type I requi rements .  Con- 
s i s t s  of a gray  epoxy paste similar to  that used i n  Epon 
931 
polyamide. The f i l ler  is metallic. 

S imi l a r  t o  934, but has p o o r e r  quality control.  

A g ray  tape- type adhesive meet ing  the MIL-A-5090D, 
Type 111, c l a s s  F requirements .  A blend of epoxy and 
phenolic r e s i n s  containing a meta l l ic  f i l l e r  and dicyandia- 
m i d e  as cur ing  agent. This  blend is applied to  112- Volan 
A g las s  f ab r i c  support. The adhesive c u r e s  with evolu- 
t ion of volat i les  to form a porous bond. 

1 and a n  amber  amine cur ing  agent identifiedl as a 

'Identification by  in f r a red  spec t ra  and  compar i son  with known sample.  

'The Epon 917 adhesive should not be accepted i n  any fo rm but that  of 

3Epon 828 s y s t e m  is based  on the  diglycidyl e the r  of Bisphenol A. 

a free-f lowing powder. 
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A s t r i p  of masking  tape w a s  placed a c r o s s  the top of the aluminum 

s t r i p  before  spreading  the adhesive; the tape was then peeled away to  

leave  a r e s i n - f r e e  a r e a  for  e a s e  of handling. Although the dimensions 

of the samples  a r e  not c r i t i ca l ,  the su r face -a rea - to -vo lume  ra t io  w a s  

maintained within 570 of that  given in the m a t e r i a l  specifications.  The 

th ickness  of the t e s t  s amples  varied considerably for  the var ious ad- 

hesive s y s t e m s  t e s t ed  because  of the widely differing v iscos i t ies  of 

each  sys tem.  

In the prepara t ion  of the two-part  adhesives ,  c a r e  was taken to  

e n s u r e  mixing of the two components. 

recommended by the manufac turer  were  not p repa red  in  o r d e r  to  en- 

s u r e  homogeneity of the mix tu re  and to  reduce  l o s s e s  of the m o r e  

volati le component. ) Mixing w a s  performed manually,  using a spatula, 

accord ing  to  Shell  Company instruction, i. e. , vigorous s t i r r i n g  for  

a t  l e a s t  5 minutes ,  frequently scraping the spatula  and the s ides  of the 

container.  

(Batches  s m a l l e r  than those 

- 

Detailed p repa ra t ion  of the t e s t  spec imens  is given below. 

mi 
of 

Epon 901-B3: The adhesive mixture  was  pr-epared by vigorously 
.xing with a spatula 11 g of P a r t  B and 100 g of P a r t  A. 
the adhesive mixture ,  15-20 mils thick, was  applied to  the etched 

aluminum s t r i p s  using a camel ' s -ha i r  b rush .  The  samples  were  
placed in  a fo rced -d ra f t  oven at 115 C fo r  30 minutes;  the t empera -  
t u r e  of the oven was then  r a i s e d  to 175 C, and the samples  cu red  for  
a= addi t iz~a!  90 m i n l l t p c  The sa-m-ples w e r e  p r e t r e a t e d  fo r  55 hours  
a t  25OC and 3 x [i'*6-;Liy before  use. 

An even l aye r  

0 
0 

Epon 903: An even l aye r  of adhesive, about 5 mils thick, w a s  
appl ied to  the etched aluminum str ips  using a putty knife. 
w e r e  cu red  for  2 hours  in  a forced-draf t  oven a t  175 C. 

The samples  
0 

Epon 914: An even l aye r  of adhesive, approximately 30 mils 
thick,  was applied to  the etched aluminum s t r i p s  with a putty knife. 
The  samples  w e r e  cu red  in  a forced-draf t  oven at 200 C f o r  35 minutes.  

A thin even layer  of the powder was applied to  one 
s ide  of the etched aluminum s t r i p  with a c a m e l ' s - h a i r  b r u s h  and the 
s a m p l e  w a r m e d  i n  a n  oven to  hold i t  i n  place.  
adhes ive  was  approximately 15 mils thick. 
c u r e d  f o r  60 minutes  i n  a forced-draf t  oven a t  150 C. 

0 

Epon 917: 

The resu l t ing  l aye r  of 
The  adkesive was then 

Epon 931: The adhesive mixture  was p r e p a r e d  by thoroughly 
mixing 9 g of P a r t  B and 100 g of P a r t  A with a spatula.  
was  then sp read  on the etched aluminum s t r i p s  with a putty knife to 
give a smooth,  even  layer  approximately 25 mils thick. 
w e r e  then cu red  i n  a forced-draf t  oven a t  160 C fo r  60 minutes .  

The mix tu re  

The samples  
0 
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Epon 934: The adhesive mixture  was p repa red  by thoroughly 
mixing 33 g of P a r t  B to  100 g of Pa r t  A with a spatula.  
was then s p r e a d  on etched aluminum s t r i p s ,  using a putty knife, to 
give a n  even l aye r  15-20 mils thick. 
ambient  t e m p e r a t u r e  (20-25OC) for 7 days.  

Epon 4225: The Epon 4225 adhesive fi lm w a s  cut t o  the des i r ed  
s ize ,  the  polyethylene protect ive sheet removed f r o m  one s ide of the 
sample  and the exposed s ide placed on a n  etched aluminum s t r ip .  
remain ing  polyethylene protect ive sheet was then removed,  and the 
exposed su r face  covered with a sheet of Teflon, then a pane of glass. 
Gentle p r e s s u r e  (a 500-g weight) was applied to  the samples  to  prevent  
air bubbles f rom forming during the curing. The samples  were  then 
cu red  i n  a forced-draf t  oven a t  165OC fo r  30 minutes .  

The mix tu re  

The samples  w e r e  cu red  a t  

The 

Data on weight, s ize ,  and thickness  of cu red  samples  used for  

weight l o s s  s tudies  a r e  summar ized  in Table IX. 

Effect of Exposure  a t  15OoC and 10-6 tor r  

As shown i n  F igu re  12, the Epon adhesives  reached a s teady-  

s t a t e  r a t e  of l o s s  of weight within 24-70 hours  of exposure a t  15OoC 

and 10 

f r o m  0. 5% for  Epon 914 t o  4. 5% fo r  Epon 4225. 

data  a r e  summar ized  in  Table  X. None of the adhesives  exhibited 

any observable  s igns  of degradat ion at  th i s  t empera tu re ,  with the 

poss ib l e  exception of Epon 934 which darkened slightly in  color .  

- 6  t o r r ;  to ta l  weight l o s s  a f te r  200 hours  of exposure ranged 

These  weight l o s s  

T h e  condensable gases  which were collected a t  liquid nitrogen 

t e m p e r a t u r e s  w e r e  analyzed via m a s s  spectroscopy,  and found to  consis t  

p r i m a r i l y  of carbon dioxide a n d / o r  w a t e r  par t ia l ly  due to  the  conden- 

sa t ion  of a tmosphe r i c  const i tuents  during the evacuation following 

r ep lacemen t  of s amples  a f t e r  each  weighing; the r e s u l t s  of the ana lyses  

a re  given in  Table  XII. 

E f fec t  of Curing P r o c e s s e s  on  Weight Loss a t  15OoC 

Data w e r e  obtained on the effect of cur ing  p r o c e s s e s  on the weight 

l o s s  behavior  a t  15OoC of Epons 917 and 4225; 

pos t cu red  f o r  2 hours  a t  175 C rather  than  the p re sc r ibed  one hour a t  

15OoC, and Epon 4225 w a s  postcured f o r  6 hours  a t  175OC. A s  shown 

in the  following table,  additional t rea tment  has  dec reased  weight l o s s  

Epon 917 was 
0 
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TABLE IX 

Epon 
No. 

901-B3 

903 

814 

917 

924 

931 

934 

941 

4225 

Weight, g I 
1. 02582 
0. 73515 

0. 47728 
0.39554 

2. 15919 1 
0.81566 
1.09140 

0.44333 
0. 27743 

1. 86748 
1.89393 

1 .4666 
1.4767 

0.87 170 
1. 12772 

0.98980 
0.96363 

Area, crn2 Av. Thickness  
Mils 

15- 20 

23. 8 
24.  6 

23. 1 

24. 9 
25. 2 

24. 8 
24. 3 

23. 1 
25. 2 

23. 1 
24. 3 

24. 2 
24. 6 

22. 3 
23. 7 

5 

30 

15 ~ 

5 

25 

15-20 

15-20 

5 
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Init ial  Weight 
Loss, YQ 

g- c m -  2 - h r - l  x 10 6 
Weight Loss Rate  

Init ia 1 W e i g ht 
Loss, YQ 

Cured  for  60 minu tes  Cured fo r  2 hours  
a t  15OoC a t  175 OC 

1. 35 0. 80 

0. 94 0. 62 

6 
Weight Loss Rate, 
g - c m - 2 _ h r - l  x 10 

Cured  for 30 minutes  P o s t c u r e d  for  6 hours  
a t  165 OC a t  175 OC 

3.97 

1. 2 8  

0. 95 

0. 40 

and weight l o s s  r a t e  of Epon 9 1 7  by about one-third,  and of Epon 4225 

by  a fac tor  of 3-4. Attainment of s t eady- s t a t e  r a t e s  of loss  of weight 

did not va ry  significantly,  probably because  exposure  at 150°C p ro -  

vided i n c r e a s e d  curing. 

Effect of S a m d e  Thickness  on Weight Loss at 15OoC 

Because  of the  d i f fe rences  in the  v i scos i t i e s  of the var ious 

epoxide adhes ives ,  the  th ickness  of the  f inal  bonding l aye r  m a y  vary.  

The re fo re ,  a co r re l a t ion  between the  th ickness  of a n  adhes ive  l aye r  

and i t s  t he rma l -vacuum cha rac t e r i s t i c s  i s  of i n t e re s t .  

t h i s  cor re la t ion ,  weight- loss  data w e r e  obtained for  four  s amples  of 

Epon 914 which differed only in  the th ickness  of the adhes ive  l aye r  on 

the a luminum s t r ip ;  t hese  data  are  s u m m a r i z e d  in  Table  XI  and i l l u s -  

t r a t e d  i n  F i g u r e  13 .  The percent  weight loss  d e c r e a s e s  as  the thick- 

n e s s  is inc reased ;  th i s  would b e  expected, because  the  th icker  the 

sample ,  t he  s lower  the  o v e r - a l l  diffusion r a t e  of m a t e r i a l  to  the sur face .  

To  de termine  
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- 6  Effect  of Exposure  at 2OO0C and 10 t o r r  

During the ini t ia l  exposure  ( 2 4  hours )  to the  2OO0C environment  

the  behavior  of the Epon s a m p l e s  w a s  s i m i l a r  to the i r  behavior  a t  

15OoC. 

los t ,  the  re lat ionship among t h e  Epons remained  the same:  

Although t h e r e  was  a n  increase  i n  the  to ta l  amount of m a t e r i a l  

70 r a n e e  150' c 
90 1 

0 - 1 . 0  914 
903 
931 
422 J* 
9 17:k* 

'1. 0 -1 .  5 941 
934 
917 

3. 0-4. 0 924 
422 J 

70 r ange  20oOc 

0 - 1 . 7 5  90 1 
903 
914 
941 

1. 75-2. 75 941 
934 
917 

924 
4. 0-5. 0 422 J 

A f t e r  th i s  ini t ia l  24- hour per iod,  l a r g e  differences i n  behavior  

occur red .  

s o m e  m a t e r i a l s  appeared  to  equi l ibrate  only a f t e r  80 hour s  o r  m o r e .  

Marked  i n c r e a s e s  in  the  r a t e s  of weight l o s s  w e r e  a l s o  observed.  

A s  shown in  Table  XI11 and i l lus t ra ted  i n  F igu re  1 4 ,  Epon 934 provides  

a n  excel lent  example of t h i s  trend. 

s teady  state in  l e s s  than  24 hours and had a l o s s  r a t e  of 1. 2 x 

10 g-cm-shr  . A t  2OO0C, i t  r equ i r ed  over  80 hour s  t o  r e a c h  

a s teady  state and the r a t e  w a s  8. 2 x 10 g-cm -hr . Also at 

t h i s  t e m p e r a t u r e  a cons iderable  quantity of a v iscous  brown o i l  was  

obse rved  to  condense i n  the  head of the r e s i n  flask,  suggest ing 

degrada t ion  of the  res in .  

go degradation. 

and  the  rates a t  t h i s  t empera tu re  w e r e  found to  b e  cons iderably  l a r g e r  

t han  obse rved  at 15OoC. T i m e  to s teady  s t a t e  was  not cons is ten t  a t  

2OO0C, ranging f r o m  20 h o u r s  f o r  Epon 924  to  as  high as 120 hour s  

fo r  Epon 931. 

The t i m e s  to  achieve  s teady s t a t e  i n c r e a s e d  grea t ly  and 

A t  150"C, th i s  adhes ive  achieved 

- 6  - 1  

- 6  - 2  - 1  

Epons 914 and 931 a l s o  appea red  to  under-  

Epon 924  and 941 m a y  a l s o  degrade  slightly at 2OO0C 

:% pos tcu red  a t  175OC for  2 h r s  
:k:kpostcured a t  175OC for  6 hrs 
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The behavior  of Epon 903 was found somewhat ambiguous: 

Although i t  showed a v e r y  low initial weight loss ,  it achieved s teady 

s ta te  only a f te r  about 60 hours .  

low (1. 2 g c m  

t e s t  spec imen  showed l i t t le  change of color.  

Its s teady  s ta te  weight l o s s  r a t e  was 
- 2  - 1  

h r  ); t h e r e  w a s  no evidence of oi l  evolution and the 

Epons 917 and 4225 achieved s teady s ta te  fa i r ly  rapidly,  and 

They showed no s igns  of exhibited low steady s ta te  l o s s  rates.  

degradat ion.  In fact, the value of 0. 8 x 10 

for  t hese  m a t e r i a l s  a t  200 C w a s  lower than the i r  respec t ive  values 

of 0. 94 and 1. 2 8  x 

ini t ia l  weight l o s s  of the  Epon 4225 c a n  be  reduced by postcuring the 

resin.  

- 6  g c m - 2 h r - 1  observed  
0 

a t  15OoC. It has  been  found that the  l a r g e  

In genera l ,  plots of the weight l o s s e s  of the Epon adhes ives  a t  

15OoC as a function of t ime  closely r e s e m b l e  a desorp t ion  type of 

curve ,  i. e. , a good s t ra ight - l ine  relat ionship i s  obtained within a 

s h o r t  t ime,  genera l ly  within 24 hours of t rea tment .  

c a s e  a t  20OoC. Seve ra l  of the  adhesives  undergo m a t e r i a l  degradat ion 
within the  polymer  network, and the diffusion of t hese  degradat ion p ro -  

duc ts  plays a n  impor tan t  r o l e  i n  the total  outgassing p rocess .  

weight l o s s  c u r v e s  of t hese  ma te r i a l s  a r e  plotted on a l i nea r  scale,  

it is  difficult to a s c e r t a i n  jus t  when a s teady s ta te  i s  reached ,  and in 

s e v e r a l  ins tances  s teady  s ta te  conditions do not appea r  to  b e  es tab-  

l i shed ;  however s t r a igh t  l ines  can b e  obtained f r o m  logar i thmic  plots 

of the  data. 

This  i s  not the 

When 

In m o s t  ca ses ,  the amount of degradat ion m a t e r i a l  r e l e a s e d  by 

the  p o l y m e r s  w a s  too s m a l l  to isolate, but i t  could b e  d i sce rned  a s  a 

da rk ,  oily film deposi ted around the top of the r e s i n  flask.  

934 and 931 adhes ives  r e l e a s e d  sufficient amounts  of degradat ion 

product  to enable i n f r a r e d  spectroscopic  examination. 

w e r e  s i m i l a r  and showed absorbances  c h a r a c t e r i s t i c  of a r o m a t i c  e s t e r s  

(5. 80, 7. 95, and 9. 30 mic rons ) .  The  degradat ion product  of Epon 931, 

however ,  exhibited a n  additional s h a r p  band at  6. 65 m i c r o n s  and a 

broadening  in the 9- to 10-micron region. 

The Epon 

The  m a t e r i a l s  

The b a s e  epoxy m a t e r i a l s  
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of the Epon 934 and 931 a r e  identical, with a polyamide as  curing 

agent for  the f o r m e r  and a n  a romat ic  a m i n e  for  the la t te r .  

m a t e r i a l s  obtained in  thermal-vacuum t r e a t m e n t  do not correspond 

to unreac ted  s ta r t ing  m a t e r i a l ,  but a r e  evidently products  of the 

epoxy r e s i n  degradat ion o r  degradation of unreacted curing agents .  

The 

M a s s  spec t roscopic  analysis of the m o r e  volatile m a t e r i a l  

collected under liquid nitrogen indicated few spec ies  other  than 

carbon dioxide and water ,  again including a tmospher ic  consti tuents 

a f t e r  e a c h  rep lacement  of sample; detai ls  of these  ana lyses  a r e  given 

in  Table  XV. 

Effect of Pos tcur ing  on Weight Loss of Epon 4225 at  2OO0C 

At 15OoC, Epon 4225 exhibited not only a l a r g e r  init ial  l o s s  of 

weight than the o ther  adhes ives  but a l s o  a l a r g e r  r a t e  of l o s s  a f te r  a n  

induction per iod.  

ferent ly  f r o m  the o t h e r s ,  i. e. , although the init ial  weight l o s s  was  

similar to  that a t  15OoC (4. 4370 in the first 24 hours) ,  the l o s s  of 

weight levelled off s o  that the final weight l o s s  a t  2OO0C w a s  only 

4. 977'0 a f t e r  189 hours ,  a n  increase  of only 0. 54% in  145 hours.  

Additionally, no evolution of o i l y  m a t e r i a l  w a s  observable;  the only 

przduct indicztive c?f possible degradation was ammonia  (12. 8 mol-% 

b y  mass s p e c t r o m e t e r  analysis) .  

At 2OO0C, however, th i s  adhesive behaved dif- 

It is noted i n  the Epon Adhesives Manual (Shell Chemical  

Company) that  Epon 422 J llcures with the evolution of volati les and 

thus  f o r m s  a porous  bond. .  . Therefore ,  incomplete cur ing  coupled 

with the high poros i ty  of the m a t e r i a l  provides  a reasonable  explana- 

t ion of the anomalously l a r g e  amount of volat i les  observed  and it w a s  

anticipated that the weight l o s s  of th i s  r e s i n  could b e  great ly  improved 

b y  postcuring the s a m p l e s  at  t e m p e r a t u r e s  g r e a t e r  than 150 C. 
0 

Samples  w e r e  postcured in air and under a nitrogen atmo- 

s p h e r e  (6-48 h r s  at 175OC) t o  see i f  any oxidative effects would b e  

observed.  

identically under t h e r m a l -  vacuum exposure,  yielding weight 10s s 

On tes t ing these  samples ,  it was  found that they behaved 
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c u r v e s  that w e r e  indistinguishable within exper imenta l  e r r o r  

( F i g u r e  15). Both showed a marked  reduct ion i n  weight l o s s  over  

the untreated sample ;  f o r  example, after 160 hours ,  the pos tcured  

s a m p l e s  had los t  only 1 .  770 of their o r ig ina l  weight, compared  with 

5. 0% f o r  the untreated sample .  

g a s e s  col lected under liquid nitrogen indicated only 3. 4 mol-% 

ammonia  f r o m  the ni t rogen-postcured s a m p l e  and none f r o m  the 

a i r - p o s t c u r e d  sample.  

M a s s  spec t roscopic  ana lys i s  of 

Since postcuring improved the t h e r m a l -  vacuum c h a r a c t e r i s t i c s  

of the Epon 4225 material a t  200 OC, it was  of i n t e r e s t  t o  de te rmine  

the s h o r t e s t  postcuring t i m e  which l e a d s  t o  the minimum weight loss  

f o r  these  sample  m a t e r i a l s .  

Although a 48-hour pos tcure  gave the  b e s t  resu l t s ,  postcuring 

p e r i o d s  as  s h o r t  as 6 hours  a t  175 OC s e e m  sufficient t o  improve  

the vacuum outgassing c h a r a c t e r i s t i c s  of th i s  r e s i n  and to  m a k e  it 

s u p e r i o r  i n  p e r f o r m a n c e  at  200 OC to the o ther  adhesives .  

tion, i n  these  s tud ies  postcuring in air appeared  to  b e  as sa t i s fac tory  

as  postcuring i n  a ni t rogen atmosphere,  and p e r h a p s  even p r e f e r a b l e  

i n  view of the  el iminat ion of NH3 f r o m  the outgassing products  ( the 

effect of oxidation by small amounts of oxygen in  ni t rogen gas  h a s  

not b e e n  investigated).  

w e r e  m a d e  a t  150 "C ,  it is reasonable  tu  assuiiie that the cffects 

would be similar and might reduce the r a t h e r  l a r g e  s teady s ta te  

loss r a t e  observed  at this  tempera ture .  

a p p e a r s  to b e  t e m p e r a t u r e -  sensit ive and the amount of m a t e r i a l  

l o s t  seems to have a l imit ing value, i n  c o n t r a s t  to m a t e r i a l s  like 

Epon 934 o r  914 which suggest  that they c a n  l o s e  weight indefinitely. 

The data  are  plotted i n  F i g u r e  16. 

In addi- 

Although no tes t ing  of the pos tcured  s a m p l e s  

This s teady s ta te  l o s s  r a t e  

Effect of ComDonent P u r i t v  on Weight Loss at  200 OC 

The  puri ty  of the epoxy r e s i n  h a s  b e e n  of m a j o r  concern  in 

most indus t r ia l  specifications.  However,  l i t t le  attention has  been  

given to the effect of the purity of the amine  cur ing  agent on the 

p r o p e r t i e s  of the  epoxide r e s i n .  It h a s  b e e n  observed  that amine  
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cur ing  agents  oxidize and that they c a n  absorb  ca rbon  dioxide on 

s torage .  

amine  puri ty  on the weight l o s s  behavior of epoxide r e s i n s  

and, accordingly,  a s e r i e s  of modified r e s i n  s a m p l e s  w e r e  p repa red  

f r o m  combinations of pu re  and impure cur ing  agent  and b a s e  epoxy 

res in .  

Therefore ,  i t  w a s  of interest  to  de t e rmine  the effect of 

The diglycidyl e the r  of "Bisphenol A" w a s  se lec ted  a s  a n  

exper imenta l  r e s i n  b a s e  s ince  it w a s  avai lable  i n  high puri ty  as  

w e l l  a s  in  the f o r m  of a commerc ia l  g rade  ( impure ) .  

o r  c o m m e r c i a l  g rade  ma te r i a l ,  Epon 828, is a clear liquid of low 

viscosi ty;  in  cont ras t ,  the ffpuretl g rade  Epon X-22 lot  1-62 was  a 

white, c rys ta l l ine  powder. A typical a romat i c  amine  cur ing  agent, 

e m-phenylene diamine, was obtained a s  a c o m m e r c i a l  ma te r i a l ,  

m. p. 62-64 OC (Matheson, Coleman and Bel l ) ,  and p r e p a r e d  i n  i t s  

p u r e  f o r m  by subl imat ion a t  60 'C/O. 1 mm Hg. 

m a t e r i a l  was a white c rys ta l l ine  solid, and i t  was  s t o r e d  under 

ni t rogen a tmosphe re  until use.  

The " impure t t  

The  subl imed 

Samples  fo r  t he rma l -  vacuum test ing w e r e  p r e p a r e d  by 

mixing 1. 54 g of the amine  curing agent  with 10. 0 g of the r e s i n  

b a s e ;  and all four possible  combinations, i. e . ,  pu re  r e s i n  and 

p u r e  amine, pu re  r e s i n  and impure zmirie, i a p ~ r e  r e s i n  and pure  

amine ,  and impure  r e s i n  and impure amine  w e r e  p repa red .  Be-  

c a u s e  of the poor wetting proper t ies  of these  unfilled adhesive 

mix tu res ,  they w e r e  c a s t  into aluminum foil cups about 3 c m  in  dia-  

m e t e r  and about 0. 15 cm deep, r a the r  than on the  etched aluminum 

s t r i p s .  The cups w e r e  lubricated with si l icone g r e a s e  to  faci l i ta te  

r emova l  of the samples  a f t e r  curing. 

follows: 

a t  120 O C  and then  2 hours  a t  175 OC. 

w e r e  removed f r o m  the aluminum foil  cups and wiped with acetone 

to r emove  any r e s idua l  mold lubricant; g r o s s  s u r f a c e  i r r e g u l a r i t i e s  

w e r e  removed with a scalpel .  

The s a m p l e s  w e r e  cu red  as 
0 ini t ia l  gelation fo r  4 hours a t  55 C followed by 2 hours  

After  cu re ,  the  samples  
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Weight l o s s  data f o r  these synthet ic  epoxide analogs w e r e  

obtained a t  200 OC and 

to 210 hours .  

data  fo r  the ini t ia l  weight l o s ses  suggest  su r f ace  effects.  

weight- loss  r a t e s  and the weight l o s s  values  a t  100 hours  re f lec t  

the  outgassing cha rac t e r i s t i c s  of the bulk of the ma te r i a l .  

i n t e r e s t  to note the dramat ic  effect caused  by the puri ty  of the 

amine,  consider ing that i t  is  present  in  re la t ively small amounts  

(% 15%). 

cur ing  agent, and the data recorded i n  Table  XIV and F igure  18 

sugges t  that the loss-of-weight  cha rac t e r i s t i c s  of Epons might  b e  

int imately r e l a t ed  to  the puri ty  and na ture  of t he  cur ing  agents  

supplied by the  manufacturer .  

t o r r  a t  24-hr  in te rva ls  for  per iods  up 

(See Table  XIV and F igure  18). The s imi l a r i t y  of 

The 

It is  of 

Apparently,  i t  is important to specify the puri ty  of the 
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TABLE X 
WEIGHT LOSS DATA FOR SHELL EPON ADHESIVES 

(15OoC and 10 - 6  t o r r )  

3. 83 

2. 75 

1. 33 

0. 34 

ldhes ive  
No. 

0. 95 2. 2 8  

1. 07 1 .  82 

1. 26  1.02 

2. 24 0. 48 

934 

914 

931 

901-B3 

903 

917 

941 

422 J 

924 

Sample 
T hic kne s s, 

mils 

15-20 

30 

25 

15-20 

5 

15 

15-20 

5 

5 

Init ial  
Weight Los  s, 

p e r  cent  

1. 18 

0. 49 

0. 61 

0. 79 

0. 78 

1. 35 

1. 10 

3. 97 
3. 18 

Weight Loss, 

4 g-cm-2x 10 

7. 7 

4. 6 
4. 4 

2. 6 
1. 6 
4. 6 
3. 5 

17. 1 

5. 4 

~~ - 

Steady State  
L o s s  Rate  

g - c m - 2 - h r - 1 x  10 
~~ 

1. 2 

0 

0 

0 .003  

0. 21 

0. 9 4  

0. 6 

1. 28 

1. 2 

TABLE XI 

WEIGHT LOSS DATA FOR EPON 914: 

E F F E C T  OF SAMPLE THICKNESS 

( 15OoC and 10 -6 to r r )  

Sample  I Init ial  Weight Loss 
Thickness ,  ~ 

mils pe rcen t  g -cm x 10 

Steady State  
L o s s  Rate  

g- c m - 2 -  h r -  'x 10 6 

0. 04  

0. 03 

0. 04 

0. 04  
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SUMMARY OF MASS SPECTROMETRIC ANALYSES 
O F  GASES COLLECTED DURING THERMAL-VACUUM 

EXPOSURE O F  EPON ADHESIVE S FOR WEIGHT LOSS STUDIES 

- 6  
(15OoC and 10 t o r r )  

\ 
Component 

c02 

H2° 

N2 

O2 

CH3COCH3 

‘gHgCH3 

CH30H 

C6H6 

CH2C12 

C hydr  0- 
c a r b o n  

5 

903 

93 .5  

3. 9 

1 . 5  

0. 3 

0. 3 

- - -  

0.4 

0.1  

9 14 

95 .4  

2 . 6  

1 . 6  

0 . 4  

- 
917 

33.2 

4 . 3  

1 .6  

0 . 4  

0 . 2  

- 

- --  

- - -  

0 . 2  

0.1 

- - -  

- 

Mol- 70 

941 

94 .8  

3 .0  

- - -  

0. 1 

2 . 2  

L22 J 

92. 1 

5 . 0  

1. 6 

0 . 4  

0 . 7  

- - -  

- - -  

0 . 1  

0 . 1  

- - -  
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TABLE XI11 

WEIGHT LOSS DATA FOR SHELL EPON ADHESIVES 
(200°C and 10 -6  t o r r )  

Init ial  Weight 
R e s i n  Sys tem 

Epoxide Amine 

Loss(o/o) 

I m p u r e  Impure  0 . 5  

I m p u r e  P u r e  0. 6 

P u r  e Impure  0 . 3  

P u r  e P u r  e 0 . 3 3  

TABLE XIV 

Weight Loss Rate  Weight Loss 
6 a t  100 H r s .  g - c m  -2-hr-1x 10 

2 0 . 9  2. 0% 

1 4 . 4  1. 8 

4 . 0  1 . 0  

3.4 0. 66 

WEIGHT LOSS DATA FOR SYNTHETIC 
EPOXIDE ANALOGS: EFFECT O F  COMPONENT PURITY 

(200OC and 10-6 to r r )  

41 



4 

TABLE XV 

SUMMARY O F  MASS SPECTROMETRIC ANALYSES 
O F  GASES COLLECTED DURING THERMAL-VACUUM 

EXPOSURE O F  EPON ADHESIVES FOR WEIGHT-LOSS STUDIES 

(20OoC and 10 -6 to r r )  

c02 

H2° 

N2 

O2 

CH 3C OC H3 

C6H5CH3 

CH30H 

C6H6 

A?dehi;de s 

CH2C12 

“3 

101 
B 3  

32.7 

3. 7 

2 . 2  

0 . 4  

0. 8 

- 

--- 

- - -  

0. 1 

- - -  

0. 1 

- - -  

Mol- TO - 
917 931 9 34 122 J 

:% 
3. 4 mol-To after pos t cu re  in nitrogen, and 0% after pos t cu re  in air. 
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43 



2.E 

2.4 

2.c 

c 5 I.€ 

I 
(? 
g 1.2 

ri 
v) 
v) 

(3 

3 
w 

0.8 

0.4 

0 

T r 0.34 mil 
4 

1 

1.33 mil - . - V V 

n - 2.75 mil 
u 
v 

U 

f i  

I O 
3.83 mil n 

U 

1 I I I I I I I I I 1 

40 80 I20 160 200 
TIME - hour8 

FIG. 13 PERCENT WEIGHT LOSS FOR EPON 914 SAMPLES OF VARIOUS THICKNESSES 
AT 150 "C AND torr 

44 



12 I I I 1 I 1 I 1 
(a 1 0 924 

0 934 
0 941 
0 914 
&I 931 

6 

4 

5 10 

Y 
I I I I I I I 1 1 

0 - 
8 A 4225 

0 917 
0 903 v 901 

. A . 
L 

A I 0 

f- 
I Y 

0 
0 20 40 60 80 100 120 140 160 le0 200 

TIME--hous 
TC-so6-IT 
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FIG. 15 PERCENT WEIGHT LOSS OF EPON 422J AT 200 "C AND 
torr AFTER VARIOUS POSTCURING CONDITIONS 
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FIG. 16 EFFECT OF VARIOUS POSTCURING TIMES 
ON WEIGHT LOSS AT 48 HOURS FOR EPON 422J 
AT 200 "C AND torr 

47 



I I I I I I I I I 

0 IMPURE AMINE t IMPURE RESIN 
0 IMPURE AMlNE+PURE RESIN 
0 PURE AMINEtIMPURE RESIN 

0 PURE AMINE +PURE RESIN 

I I I I I I I 0 

TIME -hours 
10-5046-7 

FIG. 17 PERCENT WEIGHT LOSS OF ANALOG RESIN SYSTEMS OF DIFFERENT 
DEGREES OF PURITY AT 200 "c AND io-6 torr 
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C. RTV SILICONE POTTING COMPOUNDS AND ADHESIVES 

Silicone r u b b e r s  a r e  used in  the  construct ion of spacecraf t s  

as  adhesives  and as potting compounds. They a re  recommended 

b e c a u s e  of t h e i r  excel lent  thermal  stabil i ty;  c o m m e r c i a l  m a t e r i a l s  
0 i n  vacuo a r e  s tab le  to  approximately 200 C, and it is r e p o r t e d  that -- 

v e r y  p u r e  si loxane polymers  may b e  s table  at t e m p e r a t u r e s  as  high 

as 40OoC. A b r i e f  d i scuss ion  of the c h e m i s t r y  of s i l icone p o l y m e r s  

is given in Appendix B. 
Genera l  E l e c t r i c  RTV sil icones 11, 60, 511, 560, 615, 102, 

106, 108, and 112 w e r e  s t o r e d  under r e f r i g e r a t i o n  immediately upon 

rece ip t  in  o r d e r  t o  minimize  the s i d e  reac t ions  induced by exposure to 

ambient  tempera ture .  

Potting compounds ( R T V  11, 60, 511, 560, 615) a r e  l iquids o r  

p a s t e s  which c u r e  on addition of a ca ta lys t  t o  f o r m  the solid rubber .  

T h e  ca ta lys t  used for  all potting compounds is dibutyl t in  di laurate ,  

except for  RTV-615 which is supplied with i t s  own catalyst .  

t ions  of these  potting compounds a r e  s u m m a r i z e d  in  Table  XVI. 
Descr ip-  

The a d h e s i v e / s e a l a n t s  (RTV-102, 106, 108, and 112) a r e  one- 

package sil icone r u b b e r s  which c u r e  when brought into contact with 

a t m o s p h e r i c  m o i s t u r e ;  no composition data w e r e  obtained on these  m a  

m,&er-al.: since t h p \ r  r a n i d l y  \.xjhefi el\rpcsed to a i r=  -r--- 

P r e p a r a t i o n  of Samples  

T e s t  s a m p l e s  of the  silicone potting compounds w e r e  c a s t  into 

shallow cups fabr ica ted  f r o m  aluminum foil. T o  e n s u r e  uniform 

s a m p l e  s ize ,  t h e s e  cups w e r e  shaped by a cyl indrical  g lass  f o r m  

3 .  0 c m  i n  d iameter .  

and  the s ides  of the cups reinforced with a thin s t r i p  of masking  tape. 

S u r f a c e  a r e a s  of the t e s t  specimens w e r e  calculated on the a s s u m p -  

t ion  that  they w e r e  per fec t  cylinders. 

The  cups were  t r i m m e d  to  a depth of 1/4- inch,  

T e s t  s a m p l e s  of the  silicone adhesives  w e r e  c a s t  d i rec t ly  on 

s t r i p s  of 1 1 - m i l  Alclad 2024-T3 aluminum, 2. 7 c m  wide and 11 c m  

long, which had been  degreased  p r i o r  t o  use  by wiping with chloroform.  
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TABLE XVI 

GENERAL ELECTRIC RTV SILICONES USED IN 
WEIGHT LOSS STUDIES 

Si l icone 

Pot t ing Compounds 

RTV 11 

RTV 60 

RTV 511 

RTV 560 

RTV 615 

RTV 102 

RTV 106 

RTV 108 

RTV 112 

Siloxane Base 

Dimethyl 

Dimethyl 

Methyl- phenyl 

Methyl- phenyl 

Dim e t  hy 1 

F i l l e r  

Si l ica  o r  T i 0 2  

I ron  Oxide 

Si l ica  o r  T i 0 2  

I ron  Oxide 

No ne 

White 

Red 

Trans lucent  

White 

Cata lys t  

T -  12::: 

T-12 

T-12 

T-12  
6 1 5 - B 2::::;: 

one- p a r t  

one- p a r t  

one- p a r t  

one -pa r t  

‘kThermolite- 1 2 ,  dibutyl t i n  di laurate .  

::::RTV 615 is composed of a p a r t  A which is s i loxane b a s e  and a 
p a r t  B which is a ca ta lys t  (a p ropr i e t a ry  m a t e r i a l  supplied by  
manufac tu re r )  . 

:::::::Appear to  b e  dimethyl  si loxanes.  
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Surface areas w e r e  calculated direct ly  f r o m  the m e a s u r e d  length and 

width of the t e s t  specimen.  

so that  the data  obtained for  the adhesives would be comparable  with 

those  for  the potting compounds. 

Silicone adhes ives  w e r e  cost  into cups,  

In general ,  the  si l icone potting r e s i n  m i x t u r e s  w e r e  p r e p a r e d  

i n  the following manner:  

lys t  was  added t o  10 g of the silicone liquid o r  pas te  in  a 5 0 - m l  beaker  

and mixed  thoroughly with a s ta inless  s t e e l  spatula.  This  mixture  was 

d e a e r a t e d  in  a vacuum oven a t  room t e m p e r a t u r e .  

longer  f o r m e d  (genera l ly  15 to 20 min),  the mixture  w a s  removed f r o m  

the vacuum oven and poured gently into the aluminum foil cups in  such 

a way so as  t o  avoid air entrapment. 

c u r e  at r o o m  t e m p e r a t u r e  f o r  about 1 week before  use.  

humidity w a s  not controlled. 

below; weight and dimensions a r e  given, in  Table  XVII. 

The  required amount of Thermol i te -12  cata-  

When bubbles no 

The s a m p l e s  w e r e  allowed to  

Relative 

Details of s a m p l e  prepara t ion  a r e  given 

RTV 11 and 60 - T h e  silicone m i x t u r e  w a s  p r e p a r e d  by mix-  

ing 10 g of the s i l icone liquid and 0. 01 g (0. 1% by weight) of T -  12  in a 

small beaker .  Af te r  deaerat ion,  the  m i x t u r e  w a s  poured into aluminum 

foi l  s a m p l e  cups and allowed to cure f o r  eight days a t  room tempera ture .  

R-TV 511 and 560 - The silicone m i x t u r e  w a s  p r e p a r e d  by mix-  

ing 10 g of the s i l icone liquid and 0. 02 g (0. 2% by weight) T-12 in a 

small beaker .  

a d e s i c c a t o r  held at room t e m p e r a t u r e  and 50% re la t ive  humidity. ‘x 

After  deaera t ion  the s a m p l e  was c u r e d  for  one week in  

RTV 615 - T h e  sil icone mixture  was  p r e p a r e d  by mixing 10 g 

of RTV 615 A with 1 g of RTV 615 B. 

the m a t e r i a l  was  poured into aluminum cups and c u r e d  a t  room 

t e m p e r a t u r e  f o r  7 days. 

After mixing and deaeration, 

:# 50% re la t ive  humidity w a s  maintained by filling the bottom sec t ion  
of a d e s i c c a t o r  with a saturated solution of C a ( N 0  ) - 4  H20.  3 2  
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TABLE XVII 

WEIGHT AND DIMENSIONS 
O F  SILICONE SAMPLES 

Silicone 

Pot t ing Compounds 

RTV 11 

RTV 60 

RTV 511 

R T V  560 

RTV 615 

Adhes ives  

RTV 102 

RTV 106 

RTV 108 

RTV 112 

Cured sample  
weight, g 

5. 61986 

6.08525 

4.98969 

6. 11943 

5. 26418 

0. 46061 

0. 29606 

0. 40558 

0. 57201 

Sample  a r e a ,  
2 cm 

21. 1 

20. 1 

20. 2 

22. 0 

22. 7 

19. 9 
20. 8 

20. 5 

20. 5 
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RTV Adhesive/Sealants  (102,  106, 108, and 112) - A l l  of t h e s e  

one-par t  m a t e r i a l s  w e r e  used directly f r o m  the tube; they w e r e  s p r e a d  

with a spatula  onto c lean  aluminum s t r i p s  t o  a thickness  of approxi- 

mate ly  10 mils and cured  for  one week a t  room t e m p e r a t u r e  and 5070 

re la t ive  humidity. 

- 6  Effect  of Exposure  a t  15OoC and 10 t o r r  for  RTV Pott ing Compounds 

All  five RTV si l icone potting compounds p e r f o r m e d  poorly 

under t h e r m a l  vacuum conditions- - l a r g e  amounts  of condensable oi ls  

evolved. It is interest ing to  note that,  despi te  the l a r g e  weight l o s s e s  

of t h e s e  m a t e r i a l s ,  none of the  samples  tes ted  exhibited obvious color 

changes o r  a l te ra t ions  in physical p roper t ies .  The  outgassing charac-  

t e r i s t i c s  of these  m a t e r i a l s  a r e  shown in  F igure  18,, and s u m m a r i z e d  

in  T a b l e  XVIII; 40-80 hours  were  r e q u i r e d  t o  achieve a s teady s ta te ;  

ini t ia l  weight l o s s e s  ranged f rom 1. 6-4. 370, and r a t e s  w e r e  of the 

o r d e r  of 0.1-0. 270 p e r  hundred hours. 

Effect of Curing P r o c e s s e s  o n  R T V  Potting Compounds 

T h e  l a r g e  weight l o s s e s  observed in  o u r  exper iments  led to  

the question of whether the potting compounds w e r e  completely cured. 

T h e  s a m p l e s  employed in th i s  study w e r e  relat ively thick, of the o r d e r  

of 1 / 4  inch. F o r  s a m p l e s  of 1 / 4  inch o r  m o r e  i n  thickness ,  the manu-  

f a c t u r e r  recommends  heating the m a t e r i a l  t o  a s e r v i c e  t e m p e r a t u r e  

of 15OoC, to  speed cure.  Additionally, only m i n i m u m  amounts  of 

T -  12 ca ta lys t  w e r e  employed in prepar ing  the m i x t u r e s  b e c a u s e  of 

t h e i r  thickness  ( m a n u f a c t u r e r ' s  direct ion f o r  thick sample) .  Severa l  

of the RTV sil icone potting compound test spec imens  w e r e  pos tcured  

f o r  24 hours  at 150 C b e f o r e  subjecting them t o  vacuum-thermal  tes t -  

ing; the r e s u l t s  a r e  s u m m a r i z e d  i n  Table  XX. 

d e c r e a s e d  weight l o s s e s  about 50% (see Table  XVIII), but th i s  did not 

prevent  the evolution of r a t h e r  large amounts  of low molecular  weight 

s i l icone oil. 

::: 

0 

T h e  p r e t r e a t m e n t  

:: G E  Technical  Data Book, S -38 ,  page 10. 
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Although small amounts  of ca ta lys t  w e r e  used init ially,  T h e r -  

moli te-12 is cons idered  a reliable ca ta lys t  and so it was of i n t e r e s t  

to s e e  i f  a m o r e  complete c u r e  could be obtained by using a l a r g e r  

amount of it. Hence, the catalyst  l eve l  in  s e v e r a l  potting compounds 

w a s  r a i s e d  f r o m  the 0. 1-0. 270 range t o  0. 570. It w a s  found tha t  th i s  

i n c r e a s e  had vir tual ly  no effect  on the t h e r m a l  vacuum behavior  of 

the s i l icone potting compounds,  and so, a s  c o r r o b o r a t e d  a f t e r  48 

hours  tes t ing,  th i s  approach  w a s  abandoned. 

It w a s  apparent  f r o m  these pos tcur ing  s tudies  that although 

improved outgassing c h a r a c t e r i s t i c s  w e r e  obtained, the r e l e a s e  of 

o i l s  w a s  not eliminated. It w a s  a s s u m e d  that  these  oi ls  could not 

c u r e  into the  si loxane network; to a s s a y  t h e s e  assumpt ions ,  the r e s i n s  
0 -4 w e r e  exposed to  a vacuum postcure of 24 h o u r s  a t  150 C and 10 t o r r .  

Considerable  evolution of oil took p lace  during the f i r s t  f e w  h o u r s  of 

the t h e r m a l  vacuum postcure,  but t h i s  a p p e a r e d  to  subside within 

24-hours .  

to r e - a d s o r b  s u r f a c e  contaminants so  that they would b e  comparable  

to the o ther  samples ,  then they w e r e  t h e r m a l - v a c u u m  t e s t e d  in the 

usua l  way. 

Table  XXI. 

the volati le condensable oi l  had been eliminated. F i g u r e  20  shows 

weight ioss  c u r v e s  of RT'v' 60 for each  type  of ireatlmziit; the thcrLma?- 

vacuum postcuring a p p e a r s  t o  be the  m o s t  effective. 

The  s a m p l e s  w e r e  allowed t o  stand in air  for  t h r e e  days  

This  t r e a t m e n t  w a s  quite successful ,  as  is  shown in 

Not only w e r e  all weight l o s s e s  great ly  reduced, but 

Identification of Condensable Oil f r o m  RT V Pot t ing Compounds 

A s  mentioned previously,  l a r g e  amounts  of a clear,  s t r a w -  

co lored  oi l  w e r e  evolved f r o m  the s i l icone potting compounds during 

tes t ing  at 15OoC and 10 

the ba th  t e m p e r a t u r e  reached  130- 140 C and apparent ly  continued 

f o r  s e v e r a l  hours.  

o i l  w a s  avai lable  for  a n  IR spectrum. 

to  that  of RTV 511 indicating that the oi l  is low molecular  weight 

s i loxane of similar s t ruc ture .  

- 6  mm Hg . Evolution of th i s  oil  began when 
0 

In the c a s e  of RTV 511, enough of th i s  outgassed 

T h i s  s p e c t r u m  w a s  ident ical  

IR s p e c t r a  a re  shown in F i g u r e  21. 
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It was  or iginal ly  fe l t  that  t hese  oils w e r e  unreac ted  s i l icone f r agmen t s  

and a n  a t tempt  was  m a d e  t o  eliminate them by increas ing  the ca ta lys t  

level  in the s i l icone mixtures .  A s  indicated above, th i s  t r ea tmen t  was 

not effective. Thin film s tudies  were then undertaken, no s t r u c t u r a l  

changes could b e  detected i n  the infrared s p e c t r a  of the RTV si l icones 

heated a t  1 5OoC under vacuum for s e v e r a l  hundred hours ;  therefore ,  , 
l 
I 

it was  a s s u m e d  that  the o i l s  a r e  not degradat ion products .  It was 

concluded on the b a s i s  of t hese  data that  t hese  oi ls  a r e  low-molecular-  

weight s i l i cones  added as  p las t ic izers ,  viscosi ty  cont ro l le rs ,  a n d / o r  

process ing  aids .  

po lymers .  

E f fec t  of Exposure  a t  15OoC and 10-6torr  for  RTV Adhesive/Sealants  

Weight l o s s  data for  the adhes ive /sea lan ts  a r e  given in  Table  

They have the  same s t r u c t u r e  as the si l icone 

XIX and a r e  plotted in  F igu re  1 9 ,  The  percent  weight l o s s e s  of these  

m a t e r i a l s  a r e  ve ry  similar; a l l  had init ial  weight l o s s e s  ranging f r o m  

5. 4-6. 070, and all evolved oi ls  within the  f i r s t  hour of heating. 

Recommendations 

It is recommended that all the  s i l icone m a t e r i a l s  t r ea t ed  in 

th i s  study b e  subjected to s o m e  modificaiioii of pos t t rea t inss t  o r  

formulat ion i n  o r d e r  t o  eliminate low-molecular-weight  si l icone o i l s  

and other  subs tances  fo rmed  during c r o s s  linking ( s e e  Appendix B, 

reac t ions  I and 11). Although the vacuum postcuring technique was 

quite success fu l  i n  e l iminat ing these f r o m  the potting compounds, 

i t  is rea l ized  that th i s  t r ea tmen t  might not b e  appl icable  to  many 

spacecraf t  as  s embl ie  s. 
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RTV 
jilic one 

511 

560 

11 

615 

60 

TABLE XVIII 

WEIGHT LOSS DATA FOR RTV SILICONE POTTING COMPOUNDS 

Initial Weight Loss Weight Loss R a t e  
-2  4 -2  -1  6 

g -cm x 10 p e r c e n t  g - c m  - h r  x 10 %/100hr 

107 4. 33 5.2 0 .21  

9 3 . 4  3. 36 2 . 7  0 .10  

72. 5 2. 72 4. 8 0. 18 

44. 8 1 . 9 3  4 . 2  0. 18 

4 9 . 0  1. 62 1 . 7  0. 06 

RTV 
Sil icone 

112 

108 

106 

102 

Est. time 
t o  steady 

s ta te ,  h r  s 

Est. time 
t o  s teady 

g -cm x 10 p e r c e n t  g-cm -hr  x 10 %/100hr  state, h rs  

Initial Weight L o s s  Weight Loss R a t e  
- 2  4 -2 -1  6 

14. 0 6. 07 0 . 1  0. 07 100 

11. 8 5..90 0 . 1  0 . 1 1  100 

7 . 4  5.42 0. 3 0. 09 100 

16. 8 5.95 0 . 1  0. 05 100 

75 

35 

55 

70 

55 
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RTV 
Silicone 

60 
11 

560 
511 

TABLE XXI 

WEIGHT LOSS DATA FOR RTV SILICONE POTTING COMPOUNDS 
POSTCURED IN VACUUM 

(15OoC and 5 x 10-'rnm Hg) 

Init ial  Weight L o s s  Weight L o s s  Rate  Est. t ime 
t o  steady 
s ta te ,  h r s  g - c m  -2  x 10 4 p e r c e n t  g-crn-'-hr - 1  x 10 6 yo/100hr 

20. 7 0. 82 0. 8 0.. 04 80 
26. 6 1 .21  2. 6 0.21 80 
50. 0 1. 71 1 . 0  0. 03 95 
4 7 . 1  1. 88 2. 8 0. 16 100 

Silicone 

10 .4  
11 .3  
14. 1 
17. 9 

I 560 
0. 35 0. 0 0 . 0 1  
0. 46  0.2 0 . 0 1  
0. 52 3. 3 0 .11  
0. 7 8  0.  8 0 .10  

I l 1  

RTV 
Silicone 

615 
11 

60 
5 60 

Init ial  W e i g h t  Loss I Weight Loss Rate  

Wt .  after Ove r - all 
wt. l o s s  70 Wt.  yo Wt .  

Original  Weight 
s a m p l e  a f te r  3 days  , 

Y O  
Loss  Gain  wt. post-  in air  

cur ing  

. 4.68625 4.61465 1 .53  4.61595 0 . 0 3  1. 50 
5. 68011 5..61990 L.06 5.62569 0.08 

5. 65682 5..59112 1. 16 5.59573 0.08 1. 08 
4. 61445 4.47032 3. 12 4.47225 0.06 3. 06 

0.  975 5 

~ ~~~~ 

-2 
g - c m  x l o 4  / p e r c e n t  I g-crn-'-hr-lx l o 6  I yOo/lOOhr 

TABLE XXII 

WEIGHT CHANGES DURING VACUUM POSTCURE CYCLE 
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D. POLYFLUOROCARBON FILMS 

Many s tudies  have been  made of the behavior  of Teflon (poly- 
1 te t raf luorethlene)  in  s imulated space environments .  

have reviewed over  one hundred re ferences  on th i s  subject,  and 

numerous  survey  r e p o r t s  on  the proper t ies  of T F E  p las t ics  have been 
2 published. Mador sky, e t  al. have examined the  t h e r m a l  degradation 

of th i s  m a t e r i a l  and s e v e r a l  other f luorinated p o l y m e r s  in  considerable  

detail .  However, l i t t le  information is avai lable  on the behavior of 

hydrofluorinated m a t e r i a l s  such a s  Tedlar  [ poly(viny1 f luoride)]  in 

a s p a c e  environment.  

to 450 C under vacuum. Teflon FEP, which is a l s o  totally fluori-  

nated, and d i f fe rs  only by the presence of C F  

m e r  backbone, would b e  expected to  b e  similar t o  Teflon T F E .  

substi tution of one o r  m o r e  hydrogen a t o m s  for  fluorine,  however, 

alters the polymer considerably.  F o r  example,  polyvinyl fluoride'  s 

weight l o s s  a t  24OoC is similar to that  of Teflon a t  38OoC. 

Jolley and Reed 

- 

Teflon T F E  has  been  found to  b e  s tab le  up 
0 

side chain on the poly- 3 
The 

Samples  of T e d l a r  (polyvinyl fluoride) and Teflon FEP (copolymers  

of tetrafluoroethylene and hexafluoropropylene) film w e r e  obtained f r o m  

E. I. du Pont  de  Nemours .  Some p r o p e r t i e s  of the var ious films a r e  

s u m m a r i z e d  in Table  XXIII. The films w e r e  used as  rece ived  f r o m  

the  manufac turer ;  s a m p l e  weights and a r e a s  a re  given in  Table  XXIV. 

T e s t  Samples  

Samples  of Tedlar  w e r e  cut into rec tangles  3 x 10 cm;  this  sam- 

p le  s i z e  could b e  accommodated by the r e s i n  f l a s k s  without folding 

or curling. B e c a u s e  of the  sca t te r  of points observed  in  the tes t ing 

of the T e d l a r  s a m p l e s ,  the  Teflon FEP s a m p l e s  w e r e  cut somewhat 

l a r g e r  (6 x 22 c m  and 3 x 22 cm) i n  a n  a t tempt  to  i m p r o v e  the accuracy  

of the weight l o s s  determinations.  

placing in the r e s i n  f lasks .  

w a s  removed by wiping with paper. 

T h e s e  s a m p l e s  w e r e  rol led before  

Dust o r  foreign m a t t e r  on film sur faces  

1. Space /Aeronaut ics ,  February  1963, p. 105. 

2. J. Res.  N a t ' l  Bur .  S t d . ,  c 51, 327 (1953). 
c 
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TABLE XXIII 

xxi.". 
WEIGHT AND DIMENSIONS O F  POLYFLUOROCARBONS 

USED IN WEIGHT-LOSS STUDIES 

eight,  
cm 

T D  4 0 / S  60. 0 0.26467 

T D  30/A 59. 4 0,23683 

T D  30/B 60.0 0.25386 

T D  20/A 55. 6 0.04744 

M a t e r i a l  Sample No. A r e a  
2 

Tedlar  

DU PONT TEDLAR A N 3  T E F L O N  F E P  FILMS 

I 

Mat e r ial 

Tedlara  

T D  401s 

T D  30/A 

T D  30/B 

T D  20/A 

Teflon FEd 
FEP-a 

FEP-b 

USED IN WEIGHT- LOSS STUDIES 

Film Code 

200 SG 40 TR, 
( t r a n s .  ) 

200 AG 30 WH, 
(white) 

200 BG 30 WH, 
(white) 

50 AG 20 TR, 
(trans. ) 

500 A F E P  

500 A F E P  

Film Type 

low shrinkage 

m e d  tensile 
strength 

m e d  tensile 
s t rength 

hi gh tensi le  
strength 

Surface 
C h a r a c t e r i s t i c  s 

both s ides  
heat sea lab le  

one s ide 
adherab  1 e 

both s ides  
adher  able  

one s ide 
adherable  

a 

b 
polyvinyl fluoride films 

copolymers  of te t ra f luor  ethylene and hexafluQropropylene 

Thickness  

2 m i l  

2 mil 

2 mil 

0. 5 mil 

5 m i l  

5 mil 

3. 37703 

1. 67497 

FEP-a Teflon FEP 
FEP-b 
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- 6  Effect  of Exposure  a t  150'C and  10 t o r r  on Polyf luorocarbon Films 

F i g u r e  22  shows the weight- loss  c u r v e s  of the polyf luorocarbon 
- 6  m a t e r i a l s  a t  150°C and 10 

p r i m a r i l y  t o  the  small s a m p l e  s izes  and  cor respondingly  small  weight 

l o s ses .  

of the  s a m p l e s  a r e  due to  desorpt ion of su r face  m o i s t u r e  and g a s e s  and 

subsequent  r e so rp t ion  when reweighed in a i r .  

under  vacuum would, of cour se ,  be a s u p e r i o r  method for  t h i s  type of 

sample .  

t o r r .  The  sca t t e r ing  of points i s  due 

It is bel ieved that  large fract ions of the changes in weights  

Continuous weighing 

The m o s t  s t r ik ing  f ea tu re  of the weight loss c u r v e s  is the dif- 

f e r e n c e  between the fi l led (pigmented) m a t e r i a l s ,  T D  30/A and T D  30 /B ,  

and  the unfilled t r anspa ren t  films. 

filled materials exhibit l a r g e r  weight l o s s e s  but in con t r a s t  t o  the 

o the r s ,  they exhibit posi t ive weight- loss  r a t e s .  

s c a t t e r  of data,  the c u r v e s  for  T D  30/A and T D  3 0 / B  m a y  b e  cons idered  

identical .  

p repa ra t ion ,  which apparent ly  exe r t s  no effect  on the outgass ing  

p rope r t i e s .  

(See Table  XXV. ) Not only do the 

In view of the l a r g e  

T h e s e  two m a t e r i a l s  differ f r o m  each  o ther  only i n  s u r f a c e  

The s a m p l e s  of Ted la r  [ poly(tiny1 f luoride)]  behaved similarly 

to  those  of FEP. It was found, however, that  the pigmented s a m p l e s  

(30 /A  and 30/B) exhibited m u c h  higher weight l o s s e s  than  the  t r a n s -  

p a r e n t  Ted la r  films. 

f ini te  r a t e s  of weight loss;  th i s  may indicate  that  the pigment employed 

is somewhat  volati le o r  contains  volatile contaminants .  A l l  the  Ted la r  

films t e s t e d  exhibited some discoloration. Th i s  darkening in  co lor  has  

b e e n  o b s e r v e d  in conjunction with the degrada t ion  of poly(viny1 f luoride)  

and  is bel ieved to  b e  due to  the formation of conjugated unsa tura t ion  

in  the  po lymer  as a r e su l t  of the elimination of HF. The slight d i s -  

co lora t ion  obse rved  is, however, of l i t t l e  consequence. As i n  the c a s e  

of poly(viny1 ch lor ide) ,  extremely l a r g e  color changes m a y  t a k e  p lace  

in  the  m a t e r i a l  without any s t ruc tu ra l  changes being obse rvab le  in  the 

i n f r a r e d  s p e c t r a ;  i. e . ,  degraded  m a t e r i a l  const i tutes  l e s s  than about 

1% of to ta l  sample .  

These  pigmented Ted la r  films a l s o  exhibited 
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The T e d l a r  t e s t  spec imens  all i n c u r r e d  a co lor  change dur ing  

t h e r m a l  vacuum t r ea tmen t ,  going f r o m  white o r  water -whi te  to  a light 

brown.  

b e f c r e  and a f t e r  t h e r m a l  vacuum t r ea tmen t  w a s  examined;  the s p e c t r a l  

c h a r a c t e r i s t i c s  of the UV c u r v e  remained  similar except  for  a n  o v e r -  

all i n c r e a s e  in  abso rbance  of t he  t r ea t ed  film. 

i n c r e a s e  i n  the U V  reg ion  suggests  fo rma t ion  of conjugated s y s t e m s  

0 
The UV-visible spec t rum f r o m  2500 to 6500A of T D  40 /S  

The much g r e a t e r  

( - C H Z C H - ) ~ .  

B e c a u s e  of the  sca t t e r  of data, the method of l e a s t  s q u a r e s  w a s  

appl ied on  the a s sumpt ion  that a steady s t a t e  was  achieved in  l e s s  than 

2 4  hours .  Tab le  XXV s u m m a r i z e s  the  weight l o s s  data;  weight l o s s e s  

r ange  f r o m  0 - 0 .  5% b y  weight;  weight l o s s  r a t e s  a r e  taken as  z e r o  for  

all m a t e r i a l s  except  the pigmented T e d l a r s ,  30/A and 3 0 / B ,  which 

l o s e  weight a t  a r a t e  of approximately 0. 00ly0 p e r  hour.  

In view of the c h e m i s t r y  of t hese  m a t e r i a l s ,  it  i s  obvious that 

po lymer  degrada t ion  would not be  expected to  b e  a significant fac tor ,  

espec ia l ly  i n  the c a s e  of Teflon FEP .  

obse rva t ions  tha t  the weight - loss  of t h i s  m a t e r i a l  at 150 C is indeed 

v e r y  low and is due p r i m a r i l y  t o  desorp t ion  of su r face  contaminants  

such  as  wa te r  and  ca rbon  dioxide. 

T h i s  i s  cons is ten t  with var ious  
0 
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TABLE XXV 

0. 14 

0.  54 

0. 50 

~ 0-.05 

0. 075 

0. 05 

WEIGHT LOSS DATA FOR TEDLAR AND TEFLON FEP FILMS AT 

15OoC and 10 -6 to r r  

I I I I I I 

Ma te r i a l  

I 

T e d l a r  

Teflon FEP 

Sample 

T D  4 0 / S  

T D  30/A 

T D  3 0 / B  

T D  2 0 / A  

a 

b 

Initial Wt .  
Loss,Yo 

0. 14 

0. 39 

0. 35 

0-. 05 

0. 084 

0.003 

W t .  L o s s  

70 100 h r s  
Rate  

0 

0. 075 

0. 08 
- - -  

0 

0. 02 

70 Wt. Loss 
after 

200  h r s  

rms  
De viati  on 

7 0  

0. 02 

0. 04 

0 .  0 3  

- - -  

0.013 

0 . 0 0 8  

0.7 

0.6 

c = #.c e v.3 

0 
? 
n I 0.4 

3 0.3 
v) 
v) 

I- 

3 5 0.2 

0. I 

0 
0 20 40 60 80 100 120 140 160 I80 200 220 240 

TIME- hour8 
TB--6-26 

FIG.22 PERCENT WEIGHT LOSS OF TEDLAR AND TEFLON FEP FILMS 
AT 150 "C AND torr 
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V. FUTURE WORK 

The continuation of th i s  program will pe rmi t  the establ ishment  

of finalized operat ion and handling procedures  for  the vacuum weight 

loss t e s t  specifications a s  well  a s  recommended handling procedures  

accord ing  to  physical  s t a t e  in the m a t e r i a l s  specifications fo r  var ious 

classes of po lymers .  Additionally, weight loss de te rmina t ions  will 

be  pe r fo rmed  for  po lymers  of par t icular  i n t e re s t  via vacuum the rmo-  

g rav ime t r i c  procedures ;  th i s  will s e r v e  to verify the validity of the 

m o r e  s imple  means  of determining l o s s  of weight c r i t e r i a .  It is 

ant ic ipated that weight l o s s  l imits  w i l l  be es tabl ished fo r  a g rea t  

number  of po lymer ic  ma te r i a l s .  

A s  stated ea r l i e r ,  loss  of weight of polymeric  m a t e r i a l s  may 

affect  t he i r  physical, mechanical ,  o r  e l ec t r i ca l  p rope r t i e s .  Although 

s o m e  l o s s  of weight can be  attr ibuted to  r e l e a s e  of absorbed  gases 

which w i l l  b e  swept away into the vacuum of space,  o ther  r e l eased  

subs tances  m a y  deposit  on adjacent, cooler  su r f aces  of spacecraf t s  

and thus affect  the pe r fo rmance  of e l ec t r i ca l  contacts,  l e n s e s  and 

m i r r o r s ,  etc. The quantity of such volati le condensable m a t e r i a l  

(VCM) is then another  important  c r i t e r ion  in the select ion of ma- 

terials for  spacecraf t s .  P r i o r  work (Ref. l l ,  P a r t  11) has  shown 

the tenacity of VCM and suggested i t s  adve r se  affects  on spacecraf t  

functions. Therefore ,  plans a r e  underway to develop a simplified 

VCM appara tus  which can  b e  used for  tes t  specifications.  

- - - 

Many analyt ical  methods a re  avai lable  fo r  the de te rmina t ion  of 

var ious  chemica l  composi t ions and physical  p rope r t i e s  of organic  

m a t e r i a l s ;  however, 

and specif ic  polymer c l a s s e s  i n  par t icular  m a y  r e q u i r e  ve ry  s imple  

o r  quite d r a s t i c  modifications in o r d e r  to  pe rmi t  recommendat ions 

f o r  t e s t  p rocedures  which will  be meaningful and reproducible .  

is ant ic ipated that as  var ious  c lasses  of polymers  a r e  submit ted for  

qualification, a file of re l iab le  analytical p rocedures  fo r  po lymer ic  

m a t e r i a l s  will  be  developed. 

application to polymeric  m a t e r i a l s  in  genera l  

It 
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Suggestions for  development of other  t e s t  p rocedures  will be  

m a d e  as the need becomes  apparent o r  a t  the reques t  of the  J P L  

Cognizant Engineer .  

Ass is tance  wi l l  continue t o  be r ende red  in providing necessa ry  

background information o r  technical and edi tor ia l  review toward the 

p repa ra t ion  of m a t e r i a l s  specifications and s tandardized t e s t  p ro -  

c edur  e s. 
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APPENDIX A 

CHEMISTRY O F  EPOXY RESINS 

The Shell  Company Epon adhesives  a r e  p ropr i e t a ry  m a t e r i a l s  

intended fo r  engineering uses ;  thus, the  chemica l  compositions of 

t hese  adhes ives  a r e  not well  known. 

components;  a n  epoxy base ,  a "hardener"  o r  cur ing  agent, and a f i l l e r .  

Of these,  only the f i r s t  two a r e  chemically act ive.  

spectroscopy,  the epoxy b a s e  of severa l  of the adhesives  tes ted  has  

been  found to  b e  ident ical  to  Epon 828, which is based  on the diglycidyl 

e the r  of Bisphenol A;  its s t ruc tu re  is 

In general ,  they consis t  of t h r e e  

Using inf ra red  

CH 
I 3  

CH 0-CH2-CH-CH2 
\ /  

0 0 

The  c o m m e r c i a l  r e s i n  cons is t s  of low ave rage  molecular  weight con- 

densat ion products  of the genera l  s t ruc ture :  
7 

The l inea r  polymer is  cured,  i. e . ,  conver ted  to  the c ross l inked  res in ,  

by  u s e  of a ' !hardener"  o r  cur ing  agent, which m a y  b e  any compound 

having a b a s i c  group o r  reac t ive  hydrogen. 

Ethylenediamine and the higher polyethylene polyamines a r e  

of ten used a s  cur ing  agents ,  a s  well as aliphatic amine  s a l t s  of fatty 

acids which a re  indefinitely stable in the p re sence  of the epoxy a t  

r o o m  t e m p e r a t u r e  but c u r e  rapidly when warmed.  

cu r ing  agents  a re  ac id  anhydrides,  such  as succinic,  maleic ,  phthalic, 

and py r o m  el l i t  ic . 

Other common  
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The mechan i sms  involved in the curing of epoxy r e s i n s  a r e  

somewhat complex but fall into two general  categories .  

gives the formation of a homopolymer where  the curing agent ( a 

base ,  often a t e r t i a r y  amine)  functions solely as  a ca ta lys t  for  the 

opening of the epoxide r ing  to  give the spec ies  

The first 

M C H  -CH- 
2 l  

Oe 

which, i n  turn,  is capable of opening another  epoxide r ing  

2 1  
m C H 2 - C H - t  CH2-CH-+-CH -CH- 

0 
I 

A@ 

The reac t ion  m a y  then proceed  to fo rm a n  infinite, three-dimensional  

network of the fo rm 

$ 
i 
f iU -CH-CH - -.- -2 
-- '2 I 

0 

CH2- CH- 
I 
0 

I 
5 

YH3 I 
0 - n -  -0- 0 CH, - CH- CH, 

L - I \ = /  " I  
CH3 

I 
0 

The second type of crossl inking reaction involves the incorporat ion 

of the  cur ing  agent into the epoxy network. The pr inc ipa l  reac t ive  

c ross l ink ing  agents  a r e  dibasic  acids o r  t he i r  anhydrides ,  o r  poly- 

functional p r i m a r y  o r  secondary amines  o r  amides .  The s imples t  

examples  of this  type of cur ing  reaction is that with ethylenediamine. 

E a c h  ac t ive  hydrogen m a y  r e a c t  with an  epoxy group, so  that  the  

f ina l  s t r u c t u r e  has  the f o r m  
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8 

OH 
I 

OH - 

I 
CH - C H M  

/ 2  
-~JW CH-CH2 

N-CH2-CH2-N \ 

CH, - CH 
/ \ 

w CH-CH, 
L I “ I  

OH OH - 
Dibasic ac ids  r e a c t  s imi l a r ly  t o  the amines ,  but the dibasic  acid 

anhydrides  have no act ive hydrogen and mus t  a t tack  f i r s t  through a 

hydroxyl group. An example is the reac t ion  with phthalic anhydride: 

/cO\ 

OH ’C 

_ - -  \L /--- 
0 

I 
OCO 

  CAN CH2 CH- C H 2 - C H 2 C H ~  
I I t  
OCO coo 

\ /  0 
OH 

Dicyandiamide is  a par t icu lar ly  important  cur ing  agent (employed in  

Epons 4224 and 914) of the  s t ruc ture  

H 
I 

H2N- C- N- CEN 
II 
NH 

I ts  ac t ion  is  purely catalytic,  i. e . ,  i t  is not incorpora ted  into the 

epoxy network. 

but i t  is believed that  ca ta lys i s  is due to  heat decomposition products  

of the  dicyandiamide. 

The mechanism of reac t ion  is not well  understood, 
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The d iscuss ion  above i s  intended only a s  a gene ra l  descr ip t ion  

In the c a s e  of the c o m m e r c i a l  of the  types of epoxy cur ing  reactions.  

r e s i n s  used in  th i s  work, the s t ruc tu re  of the cur ing  agent  is not 

general ly  known. 

914 and 934 a r e  cu red  with polyamides, 917 is anhydride-cured,  and 

Epon 4225 is a mixed epoxy phenolic r e s in ;  no information on the curing 

of Epon 903 is available.  

Epons 901B-3 and 931 uti l ize a n  a r o m a t i c  amine,  

In addition, i t  m u s t  b e  pointed out that  the  Bisphenol A-based 

Epons 934 and 931 epoxy (Epon 828) is not the only r e s i n  b a s e  used. 

a r e  novel epoxide sys t em based  on diols  other  than Bisphenol A. 

F i l l e r s  a r e  c l a s sed  as metal l ic  o r  non-metal l ic ;  the  f o r m e r  is 

genera l ly  aluminum, the l a t t e r  may b e  alumina o r  s i l i ca  o r  a sbes tos  

powder. 
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A P P E N D I X  B 

CHEMISTRY O F  (P0LY)SILOXANES 

The sil icone polymers  d iscussed  in  th i s  r e p o r t  a r e  based  on 

the polymer ic  si loxane s t r u c t u r e  

X 

Where R is e i ther  phenyl o r  methyl. 

f r o m  fluids to  gums depending on the i r  molecular  weight, and m a y  b e  

c ross l inked  under ce r t a in  conditions to  f o r m  a polymer network of 

The l inear  polysiloxanes range 

the  form 

-0 - 

R- I -0- 

I 
Si - 

I 
0 
I 

1 
0 
I 
Si - 

I 

,Si-  R' 

0 

0 

R- 

- 

I 
Si- 
I 
0 
I 
Si- R' 
I 
0 
I 
Si - 
I 

, -1 0- 

The in te rmedia te  i n  the formation of the  s i loxanes is the  h dro 

s i lane,  formed by hydrolysis  of the cor responding  chlorosi lane.  
r 1 

R' 
I I I  R' I R' R' 

I I 
C1-Si- Cl+ + HO-Si-O-Si- 

I I t 
R I k I  R R 

The  m a t e r i a l s  d i scussed  in  this  repor t  all have methyl  as the R group; 

R' m a y  b e  e i ther  another  methyl,  a s  is the  c a s e  fo r  RTV 60 o r  11, o r  

i t  m a y  b e  phenyl, as fo r  RTV 511 o r  560. The phenyl and methyl  sili- 

cones  have a number of proper t ies  which r ende r  them especial ly  sui table  

f o r  c o m m e r c i a l  applications;  of par t icu lar  i n t e re s t  f o r  space  application 
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is the i r  high heat  stabil i ty,  accompanied by re ten t ion  of phys ica l  

p r o p e r t i e s ,  such  as  flexibility, over a b r o a d  t e m p e r a t u r e  r ange  ( -  70° 

t o  250°C). They a re  a l s o  chemically i n e r t  and ve ry  s t ab le  toward  

oxidation. 

T h e  s i l icone r u b b e r s  a r e  cross l inked  s t ruc tu res .  T h e  s i l icone 

p repa ra t ion  obtained f r o m  the manufac turer  cons is t s  of a m i x t u r e  of 

a long cha in  s i loxane gum, an inorganic  f i l l e r ,  and a n  oxidizing agent  

o r  ca ta lys t .  Dibutyl t in d i laura te  w a s  employed in all po lymers  studied. 

In the  room- tempera tu re -cu red  m a t e r i a l s ,  c ross l ink ing  t akes  

p l ace  between the hydroxy s i lane  chain ends  and alkoxy1 groups  on a 

c r o s  slinking agent: 
Catalyst  

E Si- OH t RO-Si- OR t HO-Si3  F ( 1) 
ESi- 0 -S i -  0 - S i  E t 2 ROH 

I 

A second type of room- tempera tu re -cu red  rubber  is kept in a c losed  

conta iner ,  such  as  a tube, unti l  used. On exposure  to  a t m o s p h e r i c  

m o i s t u r e ,  the rubbe r  c u r e s  as a r e su l t  of hydro lys is  of the acetyloxy 

group: 
E Si- 0- COR t HOH- SSi-  OH t RCOOH ( 11) 

The hydroxyl group is then available for crossl inking.  

adhes ive  sea lan ts ,  RTV 102, 106, 108, and 112 a re  undoubtedly of 

t h i s  type. 

The one -pa r t  

Under high vacuum, the pure s i loxane polymer is s tab le  to  

350-400°C; at  higher  t empera tu res  the  S i - 0  bonds a r e  b roken  and 

r e f o r m  as  volati le,  low molecular  weight f ragments .  In c o m m e r c i a l  

s i l i cones  the  degradat ion t empera tu re  is much lower,  p r i m a r i l y  be -  

c a u s e  of the p r e s e n c e  of impur i t ies  i n  the polymer.  In p r a c t i c e  i t  

h a s  been  found that t h e r m a l  stability is also sens i t ive  t o  m o i s t u r e ,  

oxygen, and oxidants,  as  well  as t r a c e  impur i t ies .  
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